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ABSTRACT
This th e s is  describes the preparation and in v estig a tio n  of a number }
of copper(ll) and chromium(ll) compounds.
Copper(ll) and chromium(ll) compounds are expected to show s tru c tu ra l 
and magnetic s im ila r it ie s  and i t  was intended to extend previous work on 
copper(ll) carboxylates and to  in v es tig a te , fo r the f i r s t  time, various 
aspects of chromium(ll) chemistry. |
I
A scheme has been suggested fo r d istingu ish ing  mono-, b i -  and poly- 
nuclear s tru c tu re s  in  co p p er(ll) compounds and several assignments made* 
Following the procedure of Kambe magnetic re s u l ts  have been used to determ ine j 
the exchange in te g ra ls  of the b inuclear co p p er(ll)  carboxylates studied and j
these have been re la te d  to the pK values of the  parent ac ids. iEl '
j
The preparation  of compounds of chromium(ll) p resen ts considerable j
experimental d i f f ic u l ty  because of rap id  a e r ia l  oxidation , aid to  overcome j
th is  specia l apparatus has been used. Several new compounds of chromium j
have been prepared (in  a l l  23 compounds and some anhydrous compounds) and ;
|
th e i r  magnetic p ro p erties  studied over a wide range of tem perature. A 
prelim inary in v es tig a tio n  of sp ec tra l p ro p erties  has also been made. j
The magnetic p ro p ertie s  of several simple s a l ts  show th e ir  magnetio 
moments to  be close to the an tic ip a ted  spin only value of 4 .9  B.M. The 
possible  e ffe c ts  of Jahn-Teller d is to r tio n s  on octahedral complexes haarebeen 
considered but the r e s u lts  are inconclusive.
Chromous monooarboxylates have been shown to  be dimeric and pre­
sumably analogous to co p p er(il) and chromium(ll) a ce ta te s . Owing, however, 
to the unavoidable presence of traces of chromium(lll) i t  has not been 
possib le  to estimate th e i r  exchange in te g ra ls  accura tely . Chromium(ll) 
formate has been prepared in  two forms, a blue, monomeric form and a red , 
dimeric form.
The work has so fa r  been the subject of two pub lica tions :
Earnshaw, Larkworthy and P a te l,
Proc. Chem. Soc., 281 (1963).
Earnshaw, Larkworthy and P a te l, 
anorg. Chem. (in  p re s s ) .
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C H A P T E R  I
INTRODUCTION
1. OBJECT OF THE WORK
A large  number of cupric alkanoates [1 ,2 ] are known to possess a 
dimeric s tru c tu re  which i s  often  preserved in  organic so lven ts . The 
arylcarbo:xylates have received f a r  le s s  a tte n tio n  and i t  therefo re  seemed 
desirab le  'bo in v es tig a te  these to see i f  they show sim ilar behaviour*
S tru c tu ra l and magnetic resemblances between compounds of copper(ll) 
and chromium(ll) are also  well estab lished  [3 ] ,  though the chemistry of 
chromium(ll) compounds i s  not so well understood as th a t of copper(il) 
owing to  preparative d i f f ic u l t i e s .  Indeed, the magnetic and spectroscopic 
data availab le  fo r  chromium(ll) compounds are very meagre and, except fo r  
hydrated chromous sulphate and anhydrous chromous ch lo ride , magnetic proper­
t i e s  have been stud ied  a t room temperature only.
I t  was hoped to develop the p resen t knowledge of chromous chem istry 
by preparing the compounds under conditions more s t r i c t l y  anaerobic than 
had previously been used; and, by using, in  p a r t ic u la r , magnetic measure­
ments over a wide range of temperature to throw l ig h t  on possib le  s tru c tu re s  
of the compounds.
2. HISTORICAL SURVEY
(a) C ppperfll)
Compounds of copper(il) are normally paramagnetic with a sing le  
unpaired e lec tro n  and a magnetic moment of 1 .7  to  2*2 Bohr Magnetons* 
Chromium(ll) compounds are normally paramagnetic, and of two types: sp in-
free  w ith four unpaired e lec trons and sp in-paired  w ith two unpaired 
e lec trons; th e ir  moments ly ing  in  the ranges of 4*75 to  4*9 and 3*2 to  
3*3 BoM* resp ec tiv e ly  [ 4]•
The chemistry of cupric compounds i s  w ell e stab lish ed , and r ic h  
single temperature magnetic data are availab le  [2 ,5]«  During the l a s t  
ten  years many cupric compounds have been examined over a wide range of 
temperatures* The anomalous magnetic behaviour of co p p er(il)  ace ta te  
monohydrate (l*40 B*M.) and the anhydrous s a l t  (1*39 B*M*) has been 
ascribed by F iggis and Martin [ 6] to  m etal-m etal bonding. The paramagnetic 
resonance spectrum, which resembles th a t of an ion of S = 1 ra th e r  than 
S = also in d ica te s  the presence of m etal-m etal bonding [7]* Niekerk 
and Schoening [8] have sho?m by X-ray analysis th a t c o p p er(ll)  ace ta te  
monohydrate i s  a b inuclear molecule (^12(0^ 000) ^ .2 ^ 0  in  which copper atoms 
are bridged by four ace ta te  groups vdth two water molecules a t the te rm ina l 
positions (F ig . l ) .  The Cu-Cu distance i s  2*64&, only s l ig h tly  la rg e r  than 
th a t in  m eta llic  copper (2.5&S), and e n tire ly  consis ten t w ith the suggested 
metal-m etal in te ra c tio n .
Structure  of Cu^CH^COO^.ZHgO
The absorption spectra  of marry copper(ll) alkanoates have been 
examined both in  the so lid  s ta te  and in  organic so lven ts . In add ition  to  
the band a t about 700 mp, usual fo r  copper(ll) compounds, a fu r th e r  band a t  
about 375 mp was found*
Tsuchida and Yamada [9,10] examined the p o larised  absorption spectra  
of sing le  c ry s ta ls  o f several alkanoates* They found th a t the absorp tion  
a t 375 mp was much stronger along the Cu-Cu ax is than perpendicular to  i t .  
For th is  reason, and because the 375 nip. band i s  absent in  compounds known 
to be mononuclear, th ey  in fe rre d  th a t th is  band i s  due to  the  presence of
- 11-
Cu-Cu linkages.
In  the in fra -re d  spectra  of monomers such as sodium ace ta te  and
co p p er(ll)  formate, Tsuchida, Yamada and Nakamura [10] found strong, broad
absorptions between 15&0 and 1600 cm.'*', whereas in  dimeric copper ( i l )
-1alkanoates sharp absorptions appeared between 1595 and l600om. • These 
absorptions were assigned to asymmetric carbonyl s tre tc h in g  v ib ra tio n s  
sh ifted  to  higher frequencies in  the dimers, Kuroda [11] has repo rted  
sim ilar re s u lts  fo r  several copper(ll) d icarboxylates.
Many magnetic measurements were c a rried  out by Martin and Waterman 
[12] on the higher n-alkanoates which were shown to be dimeric in  the so lid  
s ta te  and in  dioxan [ 13] • They also shoired th a t bridging carboxylate 
groups could give r is e  to the follovdng s tru c tu re s  (F ig ,2)
M
R /la
M
R
(a)
Syn-syn Bridging 
arrangement 
a = 120°
(*)
A nti-syn Bridging 
arrangement 
a = 120°
(o)
A n ti-an ti Bridging 
arrangement 
a = 120°
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This work was extended by Martin and Whitley [14]* and G-raddon [15] 
has a lso  supported the existence of dimeric molecules in  organic so lu tio n s . 
Recently Inoue, K ish ita  and Kubo [ 16] showed m agnetically th a t  cupric 
sa lic y la te  occurs in  d iffe re n t s tru c tu ra l  forms.
Niekerk and Schoening [17] showed chromous aceta te  to  be is o s tru c t­
u ra l with cupric ace ta te , the  m etal-m etal d istances being the same (2*64&) 
in  both cases. Chromous ace ta te  i s  also known to  show anomalous behaviour, 
being nearly  diamagnetic. L it t le  work has been reported  on alkanoates of 
chromium(ll) generally .
(b) Chromium(ll)
In  aqueous so lu tion  th e  chromous ion  i s  b rig h t blue and has a strong 
tendency to pass to the t r iv a le n t  state#
C rO SgO )^ [Cr(H20)g l+++ + e“
tt°  = -0.414V
Thus, in  acid so lu tions , espec ia lly  i f  a c a ta ly s t i s  p resen t [1 8 ], 
the chromous ion w ill decompose water with l ib e ra tio n  of hydrogen gas, being 
i t s e l f  converted to  chromic ion. 3h n eu tra l so lu tio n s , however, where the
_-7
hydrogen ion  concentration  i s  reduced to 10 g . io n s / l i t r e ,  the electrode 
p o te n tia l of the h a lf reac tio n
i  H2 =<==*: H+ + e"
i s  i r  ss -0 .414 V fo r  hydrogen gas a t 1 atmosphere p ressu re . Under these 
circumstances, therefo re , the chromous ion i s  thermodynamically ju s t  stable#
I t  follow s th a t , even in  the absence of a ir ,  decomposition may occur 
a t variab le  ra te s  depending on ac id ity  and the anions present in  the solu­
tio n  [19 ,20 ]. A photooxidation e ffe c t has also been observed in  the  near 
u l tra -v io le t  region [ 21,22] •
However, s a l ts  l ik e  CrSO^.^H^O may, i f  dry, be exposed to  a i r  fo r  a 
number of years w ithout oxidation, and pure compounds sealed in  vacuum 
tubes or preserved under an atmosphere of n itrogen  remain fo r  several years 
without any change [ 23,24]« A cid-free so lu tions can also be generally  pre­
served fo r  a reasonable period in  n itrogen  atmosphere [25]*
I t  i s  the strong reducing power [ 26] of the chromous ion in  aqueous 
so lu tion  and in  p a r t ic u la r  i t s  s e n s i t iv i ty  to  oxygen o r a ir ,  which have 
presented the g rea tes t obstac les to  the p reparation  of pure chromous 
compounds.
D ifferent methods have been used fo r  excluding oxygen. These in ­
clude flush ing  out the apparatus with gases l ik e  N^, coal gas, e tc . ,
and the use of glove boxes [ 27] • A eria l oxidation  .can be also reduced 
by placing a lay e r of petroleum, toluene, kerosene, or l ig ro in  on the 
surface of the so lu tion .
Methods of Preparation  
Chromous compounds have been prepared in  the following ways:
( i )  By the reduction  of chromic so lu tion  e ith e r  e le c tro ly tic a l ly  
o r chemically w ith zinc and ac id .
- 14-
( i i )  By treatm ent of the metal with mineral acids.
( i i i )  By using chromous acetate  as a paren t substance. The aceta te
i s  readily p rec ip ita te d  from aqueous chromous so lu tions obtained by ( i )  and
( i i )  above and i s  comparatively r e s is ta n t  to  a e r ia l  ox idation .
(iv ) Anhydrous chromous compounds are generally  obtained by dry
procedures a t elevated tem peratures. Anhydrous f lu o rid e , chloride and 
bromide can be prepared by the ac tio n  of the hydrogen halides on chromium 
metal, or by reducing the anhydrous tr ih a lid e s  w ith hydrogen. The iodide 
and sulphide can be conveniently prepared by d ire c t combination of the 
elements.
The compounds reported  in  the l i te r a tu r e  are shovm in  Table 1*
The r e s u l ts  of any magnetic measurements are given, and ary other physical 
in v es tig a tio n s  are in d ica ted .
- 15-
TABLE 1
\
Compound
iCrSO^.HgO
jCrS04.5H20
ICrSO, .6H 0
| . 4  2 
ifCrSO, so lu tion  
i 4
|CrE2.2H20
CrT4
CrCl2.4H20
jcrCl2
|CrCl2 so lu tion  
jCrBr2.6H20
jcrB r
!
ic r I2.6H20
Crl„
jPerchlorate so lu tion
!
Cr3 (P04 )2.nH20
Carbonate 
Basic carbonate 
1 Hydroxides
Pe (BoM.) References
(room temperature j 
unless given)
i 2 8  
| 29,24
4.82 (50-400°K)j 30*
4.83 ! 31* 32 (U.V. and v is . )
i
I 28
i
! 28,33,34 ,35 (U.V. and v is . )|
f !
| 3 6 , 2 4  j
5.13 (40-300°K) I 37 ,38s , 35 (U.V. and v is .)  |
39+, 40+
5.00 41S, 42 (U.V. and v i s . )
24
43,44+
2!+
45,4£+
24
47
| 48
i
I 49
j
j 50,49 (therm al dec.)
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TABLE 1 (Contd.)
ReferencesCompound
Oxide
CrS
| Cr(00CH)2.2H20 
1 Cr(00CH)2.iH 20
Cr(OOCH),
i Formate so lu tion
j Cr(0Ac)2.H20
| Cr(0Ao)2
S Cr(C2H303)2.H20 
| g lyco lla te
j Cr(H2NCH2C00)2 
| g lycinate
| 2<fi3E;S>2)zCr.az0
I propionate
Butyrate
V alerate
I CrC2 V 2H2°
CrC,B„0. .2H 0
I 5 2 4 2
j malonate
(room temperature j 
unless given)
0.48-0.51
1.02
4.76
49 (therm al dec.)
51
52 
18
24,49 (therm al dec.)
53 ( s ta b i l i ty  const, and
U.V. and v i s . )  j
54*,55* (U.V. and v is .) ,1 7 + S 
59 (U.V. and v i s . )  j
52,36,24,54**56 ( I .R .)  I
52
28
57
57 (not analysed)
57 (not analysed)
24,49 (therm al dec.)
52,58
TABLE 1 ( Contdo)
Compound
(room temperature j 
unless given) j
i
References j
i
C^H.C0-.Cr.3Ho06 4 3 2
sa lic y la te
i
51
Cr(NH2CgHZ|C00)2
ant h r ani la te
.
.
;
41
8-hydroxy quinolate
:iI 41 |(
CrCNH^SO^.HgO
|
! 28 !t
[C r(en)2]S04 .2H20
!
i|
i
28 1
(® t )2Cr(S°4 ) :2 .6 ^ °
; •
I! 23 !li;
I 60 |1J
Cr?n.HH, F.2H„02 4 2
\
: 18 j.
CrP2.KF
'
1
1
j 18 !1
[C r(en)2]C l2 solution 4 .4 -4 .5  j
i
61,41**62 ( s ta b i l i ty  const.) j
j
CrCl2opy.2H20 |
| 18 |
[  Cr.(py^Cl2] i
1
28 ;
cr(p y )2Cl2.2H20 4.79 j 58* I
[C r(dipy)C l2] !i 28 jj
Cr(dipy)2Cl2
t
2.95 | 63* |
cr(N2H4 )2cl 2 4 . 8 3  ; 60, 38* !1
Cr(N2H4 )3Cl2.3H20 3.40 :! 64* j
Compound
CrClo3xNIL.2 j
(x = 6 ,5 ,3 ,2 )
Ammine solution
Gr^ T2K4^2Br2 
Cr ( dipy )
| < ^ 2 \ V 2
I (NH, )oC0,.CrC0-,eHo0 I 4- 2 3 j  2
' Cr(00CH)2py
Cr(OOCH)2.NH2Cl
NH^Cr(OOCH)^
Cr(0Ac)2#-gpy
[C r(dipy)2(0A.c)2]
f C r(dipy)(isonropyl 
KH2)2(0Ao')2]
Na2Cr ( C ^ ^ O  
malonate
K4Cr(CN)6.3H20
K^Cr(CN)g so lu tion
Na^CrCCHS^.llHgO
TABLE 1 (Contd*)
Compound
Thiocyanate so lu tion
E.D.T.A. so lu tion
0-phen* s o lu tio n
Dipyxl dyl and hexamethy- 
lene tetraam ine 
complexes
C r(acac)2
Cri:l:(C5H5)2
|i ( b 0m .)‘ e '
(room temperature 
unless given)
4.90
5.12
4.99
3.02 0.15
References
j 41*,53 ( s ta b i l i ty  c o n st.)
j 69*
j 70,71
i
i
! 72
I 73
X
! 74
(N2H^) = hydrazine
(dipy) = 2,2 *-d ip y rid y l
(O-phen) ss 1,10-phenanthroline
(acac) as acetylacetone
(en) as ethylene diamine
(E.D.T.A.) = e thy lene  diamine te tra a c e ta te
(OAc) = aceta te
(py) = pyridine
References marked w ith an a s te r isk  deal with magnetic measurements.
References marked w ith a p lus sign deal with c ry s ta l  s tru c tu re ,
3. THEORETICAL 
(a ) Spectroscopy
Magnetic p ro p ertie s  and atomic spectroscopy are c losely  re la te d ; 
hence fo r  a d e ta ile d  understanding of magnetic p ro p ertie s  an adequate know­
ledge of spectroscopy i s  essen tia l*  A b r ie f  account of atomic spectroscopy 
i s  d e a l t  with here by considering the case o f a free  ion neglecting the 
e f fe c ts  of th e  neighbouring ions or ligands*
Xn a po lyelec tron ic  atom or ion three main forces are p resen t.
They are ( i )  the c e n tra l fo rces, ( i i )  the in te re le c tro n ic  fo rces and ( i i i )  
the sp in -o rb it coupling forces*
I f  ( i i )  and ( i i i )  are neglected a scheme of o rb i ta ls  of increasing  
energy can be deduced from which the e lec tro n ic  configurations of atoms 
can be obtained by feeding e lec trons in to  them in  accordance with the aufbau 
and Pau li p r in c ip le s . The e lec tro n s are described by four quantum numbers 
n, 1, m^  and mg which have th e i r  usual significances* However, in  an 
ac tual atom ( i i )  and ( i i i )  must be considered, th e i r  re la tiv e  importance 
depending on the  atomic number of the atom* The o rb i ta l  scheme a ris in g  
from ( i )  i s  used to  derive the e f f e c ts  of ( i i )  and ( i i i ) .
I f  ( i i )  ( i i i )  the re su lta n t energy le v e ls  are  obtained from
the Russell-Saunders coupling scheme which applies mainly to  the l ig h te r  
elements up to  about Z = 30. Due to  e le c tro s ta t ic  repu lsions between 
e lec trons, the o rb i ta l  angular momenta of the e lec trons are strongly
**>21“*
coupled v e c to r ia lly  giving a re su lta n t angular momentum L = '% !*
Each perm itted  v e c to ria l add ition  of the o rb i ta l  angular momentum 
corresponds to a d iffe re n t o rb i ta l  energy fo r  the system, i .e *  d if fe re n t 
s ta te s  arise* S ta te s  with
L = 0, 1, 2, 3* are symbolised
by = S, P, D, P, G-, *. * .. e tc ,
Simultaneously, spin angular momenta combine together giving S = ]Ts. 
These re s u lta n t o rb i ta l  and spin angular momenta couple vdth each 
o ther, the e f fe c t  of th is  in te ra c tio n  on the to ta l  energy of the system 
varying with the several perm itted mutual o rien ta tio n s  of the vectors L 
and S. The se t of new energy le v e ls  a ris in g  i s  termed a m u ltip le !, each 
member of which i s  described by a quantum number J  which can take the 
values :
L + S, L + S - l ,  L + S - 2 , ........ ......... L - S
The number of J  values corresponding to^ given values Of S and L
i s  1 i f  S > L or 2S + 1 i f  > S. This i s  ca lled  the m u ltip lic ity *
A component of a m u ltip le !, i . e .  an energy lev e l corresponding to  a given
2S + 1value of J , i s  described by AT, where A i s  the symbol appropriate to
U
the value of L«
2+  2+The e lec tro n ic  configura tions of Cu and Cr may be represented asj
24* 1For Cu the ground s ta te  i s  th a t in  which S = -g- and L = 2. This
w ill  be a D s ta te  with m u ltip lic ity  2 (doublet) and possib le  J  values of
2 25/2 and 3/ 2, which are represented  as ^3/2 an<^  ^3/ 2*
24*S im ilarly  fo r Cr in  the ground s ta te  S = 2 and L = 2. This w ill
a lso  be a D s ta te  w ith m u ltip lic ity  5 (qu in te t) and possib le J values of
r  5 5  5  54, 3, 2, 1 and 0, which can be represented  as ® y  ®2* and ^0*
In  f a c t ,  the to ta l  number of spectroscopic s ta te s  a ris in g  from the
2+ 24-ground s ta te  configurations of Cu and Cr are as follow s
Configuration Terms .Arising
9 2CL J)
a4  5b, 3h, 3p , 3p , \  3D,3F )3Pi
1X, 1&, 1S, 1D, 1P >l6r,l3>,l5.
To decide 7/hich i s  the s ta te  of lowest energy, that i s  the ground 
s ta te ,  Hund’s ru le s  are invoked* They are
(1) The s ta te  w ith the h ighest value of S l i e s  low est.
(2) Of several s ta te s ,  each having the highest spin m u ltip lic ity , the
ground s ta te  w ill  be the one vdth h ighest value of L*
One more ru le  i s  required*
(3) For a le s s  than h a lf - fu l l  sh e ll J  = L -  S, w ill  be low est, and fo r
a more than h a l f - f u l l  sh e ll J  = L 4- S w ill  be lowest#
The various types of coupling which occur in  the free  ions and which 
give r is e  to  the observed energy lev e l separations may be represented  con­
veniently  as follow s, shown in  F ig .3*
a-
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Since ligands carry  charges, or behave as e le c tr ic  d ipoles w ith the 
negative poles d irec ted  towards the m etal ion, they produce an e le c tro s ta t ic  
f i e ld .  This f ie ld  acts on the c e n tra l  metal ion, and i t s  streng th  depends 
mainly on the nature of the lig an d s. The p rec ise  e ffe c t of th i s  f ie ld  on 
the o rb ita l  degeneracy of the metal ion w ill depend on the symmetry and 
streng th  of the e le c tro s ta t ic  f ie ld *
This purely e le c tro s ta t ic  approach was made by Bethe, Penney and 
Schlapp and i s  known as C rystal F ie ld  Theory [75]* I t  holds su rp ris in g ly  
w e ll  fo r  a large  number of complexes and i s  frequently  used in  the in te r ­
p re ta tio n  of o p tic a l and magnetic p ro p e rtie s , e sp ec ia lly  of tra n s it io n  
metals*
A more advanced approach has been developed by Van Vleck, Mulliken,
Orgel and o thers [75 , 76]# This i s  known as the Ligand F ie ld  Theory and
while assuming the basic  e le c tro s ta t ic  theory, takes in to  account m etal-
ligand covalent bonding. I t  gives a more qu an tita tiv e  understanding of
e lec tron ic  spec tra  and magnetic p ro p erties  of tra n s it io n  element complexes.
Two types of d o rb i ta ls  are encountered: (a) a x ia l  o rb i ta ls  1^2
and d 2 2 with th e i r  lobes d irec ted  alo.ng the z, and the x and y axesx —y
resp ec tiv e ly , conventionally  known as d or e o rb i ta ls ,  and (b) non-axial
Y g
o rb ita ls  d , d and d , with th e ir  lobes d irec ted  between the axes, xy* xz yz’ *
conventionally known as or t  o rb i ta ls
I f  an octahedral complex i s  considered as being formed by bringing 
six  negative charges along the axes, the d o rb i ta l  e lec trons are unequally 
rep e lled , the g rea tes t repulsions being experienced by those in  the ax ia l 
o rb i ta ls .  These ax ia l o rb i ta ls  are therefo re  en e rg e tica lly  higher than 
the non*~axial o rb ita ls  in  the ligand f ie ld ,  i . e ,  the o rig in a l degeneracy 
of the d o rb i ta ls  i s  removed, the a x ia l o rb ita ls  forming an upper doublet 
and the non-axiai o rb i ta ls  a lower t r i p l e t .  Usually in  p rac tice  s lig h t 
dev iations from p e rfec t cubic symmetry are observed re su ltin g  in  s lig h t 
s p l i t t in g  of the d doublet and d tr ip le t*
T e
This may be expressed in  an energy le v e l diagram (Fig*2f),
/
/
/
/
/
Free ion
Cubic f i e ld  (Regular Octahedral)
-2 6 -
rep resen ts the to ta l  s p l i t t in g  between <4 an& d o rb ita ls
-1and i s  of the order of 10,000 to  30*000 cm. , depending on the ligands
and the m etal and i t s  oxidation s ta te .
I t  i s  obvious th a t f ie ld s  of th is  magnitude might have a d ra s tic
e ffe c t on the ’’free  ion” system. Indeed, since the energy requ ired  to
-1p a ir  two e lec trons i s  of the order of 20,000 cm. , the higher f ie ld s  can 
cause a breakdown of Hund’s ru les so th a t the lower d^ o rb i ta ls  are f i r s t  
completely f i l l e d  before e lec trons en ter the upper o r b i ta ls .
The coupling scheme in  the weak f ie ld  case may be s ta ted  as 
s - s > l * - l ^  C rysta l F ie ld  y  s -  1 (e .g . F ig. 3) and in  the strong 
f i e ld  case as C rysta l F ie ld  y  s -  s y  1 -  1 ^  s -  1*
The e ffe c ts  of the ligand  f ie ld  on the ground s ta te  free  ion  terms
2 5 9 4D and D a ris in g  from the d and d configurations re sp ec tiv e ly  are shown
in  F ig .3*
-2 7 -
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Jahn-T eller e ffe c t in  octahedral complexes
In 1937 Js-hn and T elle r suggested th a t any nonlinear molecular 
system in  a degenerate e lec tro n ic  s ta te  w il l  be unstable and w ill  undergo 
some kind of d is to r tio n  which w ill  lower i t s  symmetry and s p l i t  the degener­
ate  state*  In p rac tice  d is to r tio n s  have been observed fo r c e r ta in
octahedral complexes of ions with u n f i l le d  d e lec tron  shells*
9This may be i l lu s t r a te d  by considering the d configuration  of
2+ 2+ 6 3 octahedral Cu * The d e lec tro n  configuration of Cu ion  i s  d d *
e
There are two possib le  ways in  which the d^ o rb ita ls  may be occupied 
(az2 )2 (ax2 _ y 2)x  and ( a ^ ) 1 (ax2 _ y 2)2
In the former case the ligands in  the xy plane w ill  be more strongly
a ttra c te d  towards the nucleus than the ligands along the z axis* This
w ill  r e s u l t  in  four short bonds in  the xy plane and two longer ones along
the z axis* Conversely, in  the l a t t e r  case the two bonds along the z
axis w ill  be shorter than the o ther four*
2+The experimental evidence fo r  Cu complexes in d ica te s  th a t there
are in  fa c t fou r short and two long bonds* Indeed the square p lanar
2+arrangement, so common fo r  Cu , may be considered as the extreme of th is
d is to r tio n  when the z ax is bonds are of in f in i te  length*
L  2 4 -Sim ilar behaviour i s  expected with the d , sp in -free  Cr ion . Ex­
perim ental evidence i s  very sparse but Ono [77] has shown the CrSO^^H^O 
possesses an octahedral s tru c tu re , elongated along the z axis in  p rec ise ly  
the same way as in  CuSO^^H^O*
I f  a substance i s  placed in  a magnetic f i e ld  of s treng th  H gauss, 
then the magnetic induction  B in  the substance i s  given by B = H + iprl.
Ihere  I  i s  the in te n s ity  of m agnetisation, B i s  the magnetic 
induction or the density  of l in e s  of force w ith in  the substance and H i s  
the applied fie ld*
* B i  j.  J+ttI
H ~ H~
i . e .  ji = l  + kar
Where p i s  the magnetic perm eability  of the m ateria l (not to  be 
confused with p fo r magnetic moment) andt^ i s  the volume su sc e p tib il ity  
of the m aterial*
A more convenient quantity  thanf^ i s j t ,  the s u s c e p tib il ity  per gram 
which i s  given by
% =  &
d
where d i s  the density  of the m ateria l.
The molecular su s c e p tib il ity  i s ,
X - JJ = X x  M
where M is  the molecular weight.
Atomic and ion ic  s u s c e p tib i l i t ie s  can be s im ila rly  defined.
Substances are broadly  divided in to  two ca teg o ries : diamagnetic
and paramagnetic*
Diamagnetism
For diamagnetic sustances I ,  and are negative, p < .l, and they
experience a force in  the opposite d irec tio n  to the  magnetic f ie ld  gradient*
-6The value of %  i s  of the order off-1 to +10 c«g .s.e.m .u,, and i s  independ­
ent of li and the tem perature.
In  e lec tro n  moving in  a closed o rb it can be considered as an e le c tr ic  
cu rren t. A pplication of an ex ternal magnetic f i e ld  causes a precession  of 
the o rb it  (the Larmor precession) which produces a magnetic f i e ld  d irec ted  
against the applied f i e ld  (Lenzfs Law),
and c i s  the ve lo c ity  of l ig h t ,
A sim ila r expression re s u lts  from the quantum mechanical treatm ent [78]* 
I t  in d ic a te s  th a t a l l  atoms have a c h a ra c te r is tic  property  of diamagnetism 
even though th is  may be swamped by a la rg e r  paramagnetism. From the 
above formula i t  follow s th a t diamagnetism, being only dependent on the 
e ffec tiv e  r a d i i  of the e lec tro n ic  o rb its ,  i s  independent of temperature*
C lassica l mechanics gave as the expression fo r  the  su sc e p tib il ity
2Where r  i s  the mean of the squares of the r a d i i  of the prooections
of the o rb its  perpendicular to  the f ie ld ,
e i s  the e lec tro n ic  charge,
m i s  the mass of the e lec tron
-31-
Diamagnetic co rrec tions
For the p rec ise  measurement of the paramagnetic su sc e p tib il ity  of an 
ion, the diamagnetism of the ligands must be accounted for* The diamag­
netism a ris in g  from the paramagnetic ion should also be considered, b u t
th is  i s  d i f f ic u l t  to estim ate , and being comparatively small 
-6(*%> 20 x 10 c .g .s„e .m .u ., fo r  t ra n s it io n  metal ions) i s  frequen tly
neglected,.
the bonds in  the molecule*
From published values o fX ^  and- ^ [4* 5*791 i t  i s  thus possib le  
to ca lcu la te  the  diamagnetic s u s c e p t ib i l i t ie s  of anions and organic ligands 
present in  compounds.
Diamagnetic co rrec tio n s are usua lly  small compared to  the paramagnetic 
s u s c e p tib i l i t ie s  of complexes. However, in  the case of ce rta in  complexes 
with abnormally low paramagnetic s u s c e p t ib i l i t ie s ,  the diamagnetic correc­
tio n  makes a major co n trib u tio n  to the to ta l  su s c e p tib il i ty . In these 
cases i t  i s  sometimes more accurate to obtain the diamagnetic co rrec tion  
of the ligands by d ire c t determination*,
Pascal showed em pirically  th a t
w h e r e i s  the molecular su sc e p tib il ity ,
i s  the number of atoms of su s c e p tib il ity  X ^  I*1 ‘the molecule,,
and \  i s  a c o n s titu tiv e  co rrec tio n , dependent on the nature of
-*32-
Paramagnetism
For paramagnetic substances I ,  and^C-are p o s itiv e , | i ^ l ,  and 
they experience a force in  the same d irec tio n  as the magnetic f i e ld  
g rad ien t. The value of i s  of the order of +1 to 10 ^ e.g.s.e*m *u. I t
i s  independent of H but dependent on the tem perature.
Curie showed experim entally th a t the su sc e p tib ility  of a number of 
paramagnetic substances varied  inverse ly  as the absolute tem perature.
X =  I  ••• d )
Only a few substances obey th is  ’’law” very r ig id ly , and deviations 
(in  some cases very la rg e ) frequently  occur.
Weiss improved the Curie law by in troducing  a co rrec tion , 0
= ... (2 )
T + ©
This i s  the so -ca lled  Curie-Weiss law, and has a wider a p p lic a b ili ty  
than the simple Curie law. Weiss interpret«fced © on the basis of ,fmole- 
cu lar f i e ld s ” though i t  i s  perhaps b est considered merely as a measure of 
dev ia tion  from the id e a l behaviour.
In  p rac tice  the use of the formula, p = 2 . 8 4 +  ©), fo r  the 
ca lcu la tio n  of magnetic moments, i s  quite common, though i t s  use i s  ra re ly  
th e o re tic a lly  ju s t i f ie d .
Paramagnetism i s  exh ib ited  by atoms, ions or molecules having un­
paired  e lec tro n s , and hence possessing a permanent magnetic moment.
A pplication of an ex ternal magnetic f i e l d  tends to  o rie n ta te  the magnetic 
d ipoles along the f ie ld  d irec tio n  causing a concentration of l in e s  of force 
w ithin  the substance. Simultaneously the e ffe c t of thermal motion (the 
kT  e ffe c t)  tends to  randomise the o rien ta tio n s  of the molecular moments* 
Assuming th a t each atom of a paramagnetic substance behaves indep— 
en tly  as a small permanent magnet of moment p, Langevin deduced an expression 
fo r  the s u s c e p tib ility .
= * '• (3)3kT
which accords with C urie’s law*
Van Vleck [78] used a quantum mechanical treatm ent and deduced a 
sim ila r equation.
" )C  A ■ = + Na ••• (4)
3kT
where Na i s  the temperature independent con tribu tion  of the high
0
frequency elements to  the paramagnetic moment. In th is  case p i s  the
magnetic moment averaged over time and over th e  various le v e ls , weighted
according to  a Boltzmann d istribu tion*
Nowadays magnetic moments are expressed in  (3, Bohr Magnetons (B.M. ) .
(3 i s  the magnetic moment of an e lectron  possessing only one u n it of ’’sp in”
ehangular momentum. I t  i s  equal to  - 7——"* and evaluated asu zpnno
-?  0 -10,927 x 10 ergs.gauss •
S u b stitu tin g  the value of (3 in  the equation (4 ), the Langevin-Debye
equation i s  obtained .
**3 A**
X 2-2-A (5)3k T
where |i i s  the magnetic moment expressed in  Bohr Magnetons# However,
diamagnetic c o rre c tio n ) .
The above th e o re tic a l  expressions assume magnetic d ilu tio n , i . e .  
they assume the complete absence of any form of in te ra c tio n  between neigh** 
bouring paramagnetic atoms or ions. This assumption i s  ju s t i f ie d  in  the
case of paramagnetic gases (providing the temperature i s  w ell above the 
c r i t i c a l  tem perature) and i s  indeed also ju s t i f ie d  in  many so lid s providing 
the paramagnetic ions are well shielded from each other by diamagnetic ions 
or ligands*
When the sh ie ld ing  i s  im perfect and in te ra c tio n  bet?/een paramagnetic 
ions occurs, the substance i s  said to be "m agnetically concentrated", and
in  p rac tice i s  the quantity  measured in  order to derive (J. so th a t, 
rearranging (5) and neglecting Na, as i s  often  perm issib le, we get
Y/here |i i s  the e ffe c tiv e  magnetic moment, 
k i s  the Boltzmann constant,
N i s  the Avflgadro number,
T i s  the Absolute tem perature,
i s  the s u s c e p tib il ity  per atom or ion  (including  the
the phenomena of fe rro -  and antiferro~*magneti sm occur,
From the Langevin—Debye equation, Van Vleck d istingu ished  three 
separate cases according to  the re la tiv e  sizes of the spin m u ltip le t w idths, 
hy, of the atonfs ground s ta te  and the therm ally availab le  energy, kT,
( i )  Under these conditions the coupling of L and S may be neglected 
and they ace considered to reac t separa tely  with the applied  fie ld*
gives the spin con tribu tion , and L(L -5- l )  the o rb i ta l  contribution* 
Thus fo r  an atom i s  an S s ta te ,  i , e ,  when L = 0, p =
This i s  the "spin only" moment giving values of 1*73* 2,83, 3*87, 
1,90 and 3*92 Bohr Magnetons fo r 1, 2, 3? b- and 5 unpaired e lec tro n s re s ­
p ec tiv e ly , This explains qu ite  w ell many of the moments of f i r s t  row 
tra n s it io n  m etals even when the ground s ta te  i s  not an S s ta te  
(Table 2)*
( i )  M ultip le t in te rv a ls  small compared to kTj hy
( i i )  M ultip le t in te rv a ls  large  compared to  kT; hy ^  kT
( i i i )  M ultip le t in te rv a ls  comparable to kT,
The moment where 1S(S + l )
But S =• where n is  the number of unpaired e le c tro n s .
TABLE 2
Magnetic Moments of Spin-Free T ransition  Metal Ions
No* of & 
e lec tron
Ion j n = [ i^ ( s  + i ) ;  
! + l(l + 1 )]^  1
i ........................ . '
|i = [2jS( S + 1 ) T  H0(B.M.) :
observed 1
d° Tiif+
iryi —L-o. 1 ■iM-nvrmrm i r ■ nr-n i
! » i 0
} ? 
jDiamagnetic1
a1 Ti3*,V^+ * i1 3*00 j 1*73
f * 
1*7 to 1 .8  ;
a2 V3* ,T i2*
i !
i 4 .47 ! 2.83 j 2.8 to 3 .1  j
a^ Cr3+,Mn^+ i ij 3*20 j 3.37
i
|3 .7  to 4 .0  ;
a^ C'r2+, Mn3+ i 5 .W  | 4.90
i
|4 .8  to  5 .0  ;
a5 Ee3+,Mn2+
!
| 3 .92 !; j 5 .92 5 .7  to  6 .1  ;
a6 Co3+,Fe2+ ! 3.43 1j ; 4 .90 *5.1 to 5 .7  :i
a7 Co2 f
i ! 
■ 3.20 * 3.87
(
|4 .3  to  5 .2  |
a8 Ni2+
f ' i! 4 - .«  '! | 2.83
1 ; 
j2 .6  to  3 .5  j
a9 « 2+ Cu | 3 .00 i 1.73 j l .7  to  2.2 |
} j
a10 n 1*** *7 2+Cu ,Zn | 0 j Diamagnetic-
The ”quenching" of the o rb i ta l  con tribu tion  i s  caused by the 
c ry s ta l  f i e ld  in  a manner which w ill  be discussed l a t e r .  This causes the 
metal ion  to act e ffe c tiv e ly  as i f  i t  were in  an S s ta te . Providing the 
system i s  m agnetically d ilu te  the Curie la?/ should hold in  th is  case.
( i i )  M ultip let widths large compared to  kTj by kT.
if*
In  th is  case only the en e rg e tica lly  lowest J  value i s  therm ally 
populated. This type of the behaviour i s  shown by ra re  earths except 
Sm111 and Eu111, and \x = g J j  (J  + l )
Where g, the Lande s p l i t t in g  fa c to r , i s
g ,  x + S{S^ k l _ ^
2 J(J  +
The Curie lav/ should again hold in  th is  case*
( i i i )  M ultip le t in te rv a ls  comparable to thermal energy; by com­
parable to kT*.
In  th is  s itu a tio n  i t  w ill  be necessary to  take in to  account a
Boltzmann d is tr ib u tio n  between various J  va lues. Examples of th is  type 
I I I  I I Iare NO^  Sm and Eu . The expression fo r  the moment i s  ra th e r  compli­
cated and large  departures from the  Curie law are observed [ 80].
Besides normal paramagnetism fu r th e r  subdivisions are  f e r ro -  and 
antiferro-m agnetism .
Ferromagnetism
7 /  -2 4-i s  p o s itiv e , 10 to 10 c .g .s .e .m .ru ,
- 3 3 -
tr
dependent on both H and T,
This corresponds to  the p a ra l le l  alignment of e lec tro n  spins between 
adjacent paramagnetic ions so th a t the moments of the separate ions re in ­
force one another. According to Heisenberg’s theory of ferromagnetism [81] 
i t  a r is e s  from a p o s itiv e  exchange in te ra c tio n  between adjacent paramagnetic 
ions, the exchange in te ra c tio n  being expressed by E = J s . s . ,  where J  
i s  the exchange in te rg ra l  and not to be confused w ith the quantum number J « 
Below the Curie temperature the su s c e p tib il ity  increases much more rap id ly  
with decreasing temperature than expected from the Curie law, while above 
the Curie tem perature, thermal energies are more or le s s  able to  randomize 
the o rien ta tio n s  and the substance obeys the Curie or Curie-Weiss law*
The s u s c e p tib i l i t ie s  are very large  and f ie ld  dependent. Thus, 
determ ination of the s u s c e p t ib i l i t ie s  of paramagnetic m ateria ls  a t several 
f ie ld  s treng th s allows the de tec tion  of ferromagnetic im p u ritie s , even 
though the concentrations of these im purities may be too low fo r  de tec tion  
by normal a n a ly tic a l methods*
Antiferromagnetism 
For antiferrom agnetic substances V  i s  p o s itiv e , 1 to  l c f ^ g .  s.e*m.u«.
dependent on T and sometimes H*
This corresponds to  an a n tip a ra lle l  alignment of adjacent spins* 
This p a irin g  of spins causes reduction  in  the moments corresponding to  a 
negative coupling constant J  and i s  ch arac te rised  by the Neel tem perature.
Below the Neel temperature the a n tip a ra l le l  alignment i s  e ffe c tiv e  and the 
su s c e p tib ility  drops with decreasing tem perature. Above the Neel temperar* 
tu re  thermal ag ita tio n  prevents e ffe c tiv e  alignment and normal paramagnetism 
r e s u l ts .
There are two types of antiferrom agnetism , in te r -  and in t r a ­
m olecular. The former type i s  more comparable to  ferromagnetism because 
the alignment o f e lec tro n  spins occurs throughout the la t t ic e  while in  the 
l a t t e r  type i t  occurs w ithin the sing le  molecule.
In ter-m olecular antiferrom agnetism s-
In  substances of th is  type Neel [82] suggested the existence of two 
in te rp en e tra tin g  ferrom agnetic su b la ttic e s , one in  which a l l  the spins are 
aligned in  one d irec tio n  and in  the other the spins are a l l  a ligned in  the 
opposite d ire c tio n . This view was confirmed from work on neutron d if f ra c ­
tio n  [ 79] which showed th a t below the Neel po in t an e lec tro n ic  l a t t i c e  
s tru c tu re  i s  in  evidence while above the Neel poin t the e le c tro n ic  l a t t i c e  
s tru c tu re  disappears and antiferrom agnetism  breaks down to  give para­
magnetism.
In  many cases of antiferrom agnetism  the distance between paramagnetic 
ions i s  too g rea t fo r  d ire c t in te ra c tio n  of the impaired e lec tro n s; in stead  
these are coupled through in terven ing  negative ions such as oxide or a 
h a lid e . This phenomenon i s  known as !1 super exchange”.
In tra-m olecular antiferrom agnetism  % -
In  th is  case the in te ra c tio n s  occur w ith in  the molecule and not
throughout the c ry s ta l l a t t i c e ,  I t  follow s that whereas in ter-m olecu lar 
antiferrom agnetism  disappears when the substance i s  d isso lved , in t r a ­
m olecular antiferrom agnetism  p e rs is ts .  I t  i s  also found th a t fo r  the 
former the maximum of the su s c e p tib il ity  versus temperature curve i s  sharp 
while in  the l a t t e r  i t  i s  much broader.
This type of antiferromagnetism occurs in  many b inuclear compounds 
and the theory of th is  i s  d ea lt with l a t e r  in  th is  section .
Quenching of o rb i ta l  con tribu tion
For an e lec tro n  to  have o r b i ta l  angular momentum about a given axis
i t  must be possible to transform  the o rb i ta l  which i t  occupies in to  an
exactly  equivalent and degenerate o rb i ta l  by a ro ta t io n  about the ax is .
For a f re e  ion , a ro ta tio n  about the Z axis through 45° converts the
d o  p o rb ita l  in to  the d o rb i ta l ,  while the d^ o rb i ta ls  are in te r -  x^- y^ xy * c"
convertib le  by 90° ro ta tio n s .
In  an octahedral complex the d o rb i ta ls  are s p l i t  in to  d^ and d^
levels* thus removing the degeneracy of the d 2 _ 2 a^d. d o rb ita lsx — y
and elim inating  th e i r  co n trib u tio n  to the o rb i ta l  angular momentum* However
d and d are s t i l l  equivalent and capable of giving an o r b i ta l  c o n tr i-  xz yz
bution* i s  d o rb ita ls  cannot be transformed in to  each o ther by a ro ta tio n  
about an ax is , an e lec tro n  occupying them cannot con tribu te  to  the o rb i ta l  
angular momentum (the d o rb ita ls  are thus known as a non-magnetic doublet). 
Also i f  there  i s  an e lec tro n  in  each of the d^ o rb i ta ls ,  each vdth the
~4I~
same s p in ,  g e n e r a t i o n  o f  o r b i t a l  a n g u la r  momentum i s  a g a in  im p o s s ib le .  
Thus f o r  a n  o c ta h e d r a l  co m p lex , th e  fo llO Y jing  c o n f i g u r a t io n s  a re  e x p e c te d  
t o  have  a l l  o r b i t a l  c o n t r i b u t i o n  to  t h e  moment q u en ch ed  [ 4] •
An a l t e r n a t i v e  way o f  c o n s id e r in g  t h i s  i s  a s  f o l lo w s  
I n  th e  weak f i e l d  c a s e  s p in  o n ly  v a lu e s  may b e  e x p e c te d  f o r  i o n s  i n  
S s t a t e s  and  when a  d o u b le t  fro m  a  D te rm  o r  a  s i n g l e t  fro m  an  F te rm  l i e s  
l o w e s t .  B u t o r b i t a l  c o n t r i b u t i o n  i s  e x p e c te d  when o r b i t a l  t r i p l e t s  fro m  
D a n d  F te rm s  l i e  l o v /e s t .
v a lu e  when no o r b i t a l  c o n t r i b u t i o n  w o u ld  b e  e x p e c te d  a r e  o f t e n  n o te d .  The
r e a s o n  f o r  th e s e  d iv e r g e n c e s  i s  s p i n - o r b i t  c o u p l in g .  T h is  c a u s e s  a
a n g u la r  momentum. F o r  e f f i c i e n t  m ix in g  th e s e  h ig h e r  l e v e l s  m ust have th e  
same m u l t i p l i c i t y  (S  v a lu e )  a s  th e  g ro u n d  s t a t e .  T h is  e f f e c t  i s  a c c o u n te d  
f o r  i n  th e  f o l lo w in g  e q u a t io n  [ 4] #
And c o n f i g u r a t io n s  w h ich  w i l l  g iv e  some o r b i t a l  c o n t r i b u t i o n  a re :* -
S p i n - f r e e
H ow ever, d iv e r g e n c e s  ( f r e q u e n t l y  o n ly  s l i g h t )  fro m  t h e  s p in  o n ly
nm ix in g  i n ” t o  th e  g ro u n d  s t a t e  o f  some o f  th e  h ig h e r  l e v e l s  w i th  o r b i t a l
Where jji i s  the observed magnetic moment,
jj. i s  the spin only moment,
^  i s  the energy separation to  the nearest le v e l of the same
m u ltip lic ity ,
a i s  a constant,, I t s  value i s  2 fo r D terms and 4 fo r  F terms*
and X i s  the sp in -o rb it coupling constant* I t s  value [4] fo r
Cr^' i s  57 and, fo r Cu^+, -829•
In te ra c tio n s  in  b inuclear
For b inuclear compounds composed of metal ions with a ground s ta te  
which i s  e ffe c tiv e ly  an S s ta te  (e f fe c tiv e ly  L = 0, there fo re  no o rb i ta l  
co n trib u tio n ), i t  can be shown th a t the atomic su sc e p tib il ity X ^  £P-ven 
b y j-
g2Hp2 2 S * ( s t l ) ( 2 S 'tV l) exp gj| [S * (sV l)  -  2S(S+l)] 
6kS X.(2S+-i-l) exp r ~  [S+(S++ l) -  2S(S+l)]
Where S can have values S-j+S^-l, . . •
g i s  the  spectroscopic s p l i t t in g  fa c to r ,
(3 i s  the Bohr Magneton,
N i s  the Avogadro number,
Na i s  the temperature independent paramagnetism, and
J  i s  the t r ip le t - s in g le t  separation .
2+ 2+Octahedral compounds of Cu and Cr v/hose ground s ta te  i s  the 
nonmagnetic doublet of the D s ta te  f a l l  in to  th is  c la ss . For
2+ ^
Cu and therefo re  S can have values 1 and 0, and the v aria ­
t io n  of the atomic s u s c e p tib ility  with temperature fo r  the metal can be 
shown to be given by the follow ing equation.
or
Cu
2 2
* 3 + exp(x)J
+ Na
¥ Na
T |3  + exp(x)
Y/here
K = and x =
3k kT
i . e . g = K
0.1224
—16 —1where k = 1*380 x 10 erg degree ,
—20 —1P = 0.9270 x 10 erg gauss ,
and N = 6.023 x 1 0 ^  mole \
2+S im ilarly  fo r  octahedral compounds of Cr = 2, therefo re
+possib le  values of S are 4, 3, 2, 1 and 0.
2 _ 2-  L 90 + ^  exp(4x) + 13 exp(7x1 + J  exp(,9x)]  + m
^  3kT [9  + 7 exp(4x) + 5 exp(7x) + 3 exp(9x) + exp(lOx)]
%
K
Cr
+ 15 exp(7x) 4- 3 exp(9x)l
T [9  + 7 exp(lx) + 5 exp(7x) + 3 exp(9x) + exp(lOx)]
+ Na
- 2|4-*
Net termi
The Na term a r i s e s  from the underlying diamagnetism of the ion and 
temperature independent paramagnetism® The l a t t e r  i s  caused by a second 
order e ffe c t of the magnetic f i e ld  (2nd Order Zeeman E ffec t) which produces 
a ’’mixing in M to the ground s ta te  of higher s ta te s  which are too high fo r  
therm al population to occur* This paramagnetic con tribu tion  i s  therefore  
independent of tem perature.
I t  i s  r e la t iv e ly  small fo r  paramagnetic substances but may be n o tice ­
able a t higher tem peratures fo r ions w ith one unpaired electron*
D erivation of th e o re tic a l curve from experimental data*—
This can be b est i l lu s t r a te d  by taking an example, e.g* c o p p e r(ll)-  
orthonitrobenzoate monohydrate.
To provide a more sen sitiv e  comparison with experimental r e s u l ts ,  a
The Na term fo r cupric ion  i s  about 60 x 10 ^ e .g .s .e .m .u * , while 
fo r  chromous ion  i t  i s  about 57 x 10 ^c.g .s.e.m .u*
' X a_1 against T was used ra th e r  than jiQ(B.M.) against T.
The s u s c e p t ib i l i t ie s  fo r  two convenient tem peratures were taken and
in se r te d  in to  the equation
K, 1 
T ; 1 + l /3  exp(x)
Thus:- -6  K 1a t 280%  766.9 x 10 •J and
a t 120%  267.9 x 10~6 = -
120
1
1 + 1/3
S o l v i n g  the  simultaneous equation, we get 
^ ^  Sol —•
3 + exp( TonO
o ______
- J  * 5
7 + 2.333 e^ ( 280k^
3 + e.xp(T^ |- )  = 20.027 + 6.67S expOrg~r)
17.03 + 6.676 e x p ( ^ )  = e x p (j§ ~ ) .
S u b stitu tin g  d if fe re n t values of J ,  the value giving the best f i t  was
—1 —1found. In  th is  case J  = -480k, corresponds to -334 cm. (k = 0,6949 cm, ) 
Having found the value of J ,  the values of K and g were derived 1
26 / e 9 x  i0 ~ v = — j 11 + 1/3 exp 4
K = 0.617 and there fo re  g = /  ^*^224" ” 2,246.
The th e o re tic a l values of su s c e p tib i l i t ie s  a t various tem peratures 
were then ca lcu la ted  and a th e o re tic a l curve versus T p lo tte d .
Nature of tbe Cu-Cu bond 5-
Though the expression fo r  the magnetic exchange in te g ra l ( j )  between 
adjacent copper ions, in  dimeric compounds of the cupric ace ta te  type, has 
already been given, the p rec ise  nature of th is  in te ra c tio n  ( i . e .  the 
nature of the m etal-m etal bond) remains unexplained.
Using a valence-bond approach, F igg is and Martin [ 6] suggested th a t
the fou r oxygen atoms around each copper ion are co-ordinated, by means 
2of sp d h y b rid isa tio n , leaving the 3d g 2 o rb i ta l  on the copper, singlyx — y
occupied* Sidev/ays overlap of the 3&,r2 2 or^ i t a l s  of the two copper2c — y
ions in  the molecule could then lead  to a weak covalent 6 bond ?/hich
would account fo r  the observed in te rac tion*  Ross [84-] has considered
the problem more fu l ly  and arrived  at e s se n tia lly  the same conclusion,
F o rs te r and Ballhausen [ 85] ,  on the o ther hand, used a m olecular-
o rb i ta l  approach and concluded th a t  gp bonding between singly  occupied
3d 2 o rb i ta ls  o f each copper ion  was more likely*  A sim ila r treatm ent by z
Boudreaux [ 86], however, shov^ed th a t the existence of a 6 bond was a t 
le a s t  equally  fe a s ib le .
The problem i s  a t p resen t u n se ttled  and i t  i s  impossible a t th is  
stage to  decide between the a lte rn a tiv e  explanations.
- 4 7 -
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Chloroacetates were prepared by treatm ent of a s l ig h t excess of 
basic  copper carbonate w ith aqueous so lu tions of the acids* F i l t r a te s
under reduced p ressu re .
Copper oxa3.ate, benzoate, p h tha la te , sa lic y la te  and nitrobenzoates 
were obtained by the treatm ent of a lk a li- f re e  so lu tions of sodium s a l ts  
of the acids with a s l ig h t  excess of aqueous copper su lphate. The p— 
nitrobenzoate gave two d is t in c t  forms depending on the conditions of pre­
c ip ita tio n ., The blue p re c ip ita te  formed immediately appeared to  be 
predominantly monomeric, while the dark green c ry s ta ls  formed very slowly 
from d ilu te  so lu tions appeared to be dimeric (magnetic r e s u l ts ,  Table 10), 
though both forms were a n a ly tic a lly  id e n tic a l .  In the case of the 
o-nitrobenzoate repeated  attem pts to  is o la te  the monomeric form were un­
successfu l, though the dimer was obtained. The opposite was found w ith 
m -nitrobenzoate.
120°C in  a vacuum p is to l ,  except fo r  the o-nitrobenzoate when a tem perature |
I;
of 170°C was used, j
Copper was estim ated using the disodium s a l t  of ethylenediam ine- 
te t r a a c e t ic  acid (E,DoT0A,) with murexide as an in d ic a to r  [87, 88] in
were concentrated by n a tu ra l evaporation and the c ry s ta ls  dried over ^ 2^5
A ll the anhydrous s a l ts  were prepared by drying over £ ^ 5  *~
methods
-4 9 -
s l ig h tly  a lk a lin e  so lu tion . The EoD.T.A, was previously standardised 
against zinc sulphate so lu tion  [ 89] .
In the ch lo roaceta tes the copper was t i t r a t e d  d ire c tly , while fo r  the 
o ther compounds the copper was estim ated a f te r  removal of the organic anion* 
This was e ffec ted  by warming the compound with d ilu te  NaOH so lu tion , f i l t e r ­
ing o ff  the CuO and red isso lv ing  i t  in  d ilu te  HC1.
Micro-analyses fo r  carbon and hydrogen were ca rried  out in  the Max 
Planck I n s t i tu te ,  Mulheim, Germany by Dr. A lfred Bernhardt.
H ydrated’water was determined by weight lo ss  in  the p reparation  of 
the anhydrous compounds. In some cases ( i . e .  benzoate and n itro^enzoates) 
th is  was v e rif ie d  therm ogravim etrically .
Because of low so lu b ili ty  in  the appropriate so lvents, molecular 
weight determ inations using the cryoscopic method were im possible except 
in  the case of the m ono-chloroacetate. In  dioxan the molecular weight 
of th is  compound was 428*
The a n a ly tic a l re s u l ts  are summarised in  Table 3*
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Chromous compounds are read ily  oxidised by oxygen, Compounds 
studied in  th is  work were therefo re  prepared, f i l t e r e d ,  washed, dried , 
sealed, and various measurements carried  out on them, under s t r i c t ly  
anaerobic conditions.
The apparatus (ELg*6) used fo r  various operations was c lose ly  sim ila r 
to th a t described by Larkworthy [9 0 ], ’’White Spot” n itrogen  was passed 
over heated copper turn ings deposited on Kieselguhr a t a temperature o f 
about 300°CV and through a bubbler [ 91] containing a c id if ie d  chromous 
sulphate so lu tion  and amalgamated, granulated zinc in  order to remove the 
l a s t  tra c e s  of oxygen, Moisture and gaseous im purities  were condensed out 
by a l iq u id  n itrogen  cooling trap  and the n itrogen was fu rth e r  d ried  by 
passage through anhydrous magnesium p erch lo ra te . The dried  gas en tered  
the main apparatus at I*
In  a l l  the  p reparations spectroscop ica lly  pure chromium p e l le ts  as 
supplied by Johnson Matthey and Co,Ltd,, and AnalaR acids were used as the 
s ta r tin g  m a te ria ls . Any apparatus was evacuated and flushed several times 
with the p u rif ie d  n itrogen  as soon as i t  was a ttached to the l in e ,  and was 
always l e f t  under constant pumping, or under n itrogen . A ll products were
d ried  under continuous pumping fo r  several hours a t room temperature and 
on occasion a t  e levated  tem peratures.
General methods of
-5 3 -  
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Excess of chromium m etal, with one or two p e lle ts  of chromium which 
had already been etched by acid to i n i t i a t e  the reaction., was weighed and 
tran s fe rred  in to  f la sk  B containing an appropriate  amount of w ater0 Acid 
was then added, the vesse l B attached  a t J  (Fig*6), and flushed  with 
nitrogen severa l tim es. Taps 12 and 13 were closed and f la s k  B heated, i f  
necessary, on a g lycero l bath fo r  3 to  A hours a t about 80 to 100°G u n t i l  
the rea c tio n  was complete. The hydrogen evolved bubbled through trap s 
beyond tap  9 in to  the atmosphere*
Simultaneously v*rater was deoxygenated in  f la s k  A by continuously 
bubbling a slow stream of n itrogen  through i t  fo r  a t le a s t  h a lf  an hour*
A ll solvents when needed were deoxygenated as described fo r  water*
"When the rea c tio n  was complete, the g lycero l bath was taken out and 
a f a s t  flow of n itrogen  maintained throughout the apparatus to  overcome the 
cooling e ffe c t of the vessel B, otherwise sucking back was like ly*  The 
•flask  B was allowed to  cool and tap  14 closed*
At th is  stage any c ry s ta ls  separating from a concentrated so lu tion  
in  f la sk  B were red isso lved  by reducing the pressure  in  f la sk  B and sucking 
in  a small amount of deoxygenated w ater.
The s o lu b i l i t ie s  of chromous compounds vary considerably and necessi 
ta te d  d if fe re n t methods of iso la t io n . The compounds may be divided in to  
the follow ing c a te g o r ie s :-
Category A t Compounds highly soluble in  water as well as acetone,
e .g . the iodide*
Category Bj Compounds highly soluble in  water but re la t iv e ly  le s s
soluble in  organic solvents l ik e  acetone, e.g* 
the sulphate*
Category Gs Compounds moderately soluble in  water, e .g . the formate* 
Category D: Compounds almost inso lub le  in  w ater, e .g . the benzoate.
Category Es Complexes, e»ga the chromous hydrazine halides*
The ca tegories of the compounds are given in  Table 4*
Removal of excess m etal
For the compounds in  ca tegories B to E, vessel B was inverted  about 
the jo in t  J  and the stopper replaced by a sin tered  g lass  f i l t e r  S which 
was jo ined  to the vessel C as shown in  Fig.7A* The chromous so lu tion  
was f i l t e r e d  in to  f la s k  C by applying suction and opening the appropriate 
taps* The vessel C was detached from the s in te r  3 and the f le x ib le  jo in ts ,  
and cleaned with water where i t  had been exposed to  the atmosphere. Solu­
tio n s  of compounds of category A were f i l t e r e d  from the excess of chromium 
d ire c tly  in to  a three-way f la s k  D (Fig*7B)«
Preparation  of compounds of category A,
With a heavy stream of n itrogen coming through tap 18, f la sk  I) 
was separated from the s in te r  S and a t  once replaced  by the bladder and rod 
attachment (previously  f i l l e d  with n itrogen) as i l lu s t r a te d  in  Fig.7B*
Fig 
7A
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Immediately the f la sk  D was evacuated and. f i l l e d  with nitrogen* The tap  18 
was closed and the flow of n itrogen stopped.
The u n it  D was attached a t J* on the main apparatus. The so lu tion  
was concentrated under reduced pressure , the solvent being condensed in  
A which was cooled in  l iq u id  air* Blue c ry s ta ls  were deposited a f te r  
several hours and when they were su ff ic ie n tly  dried , f la s k  D was f i l l e d  
with n itrogen  and tap 18 closed.
The bladder and rod attachment co n sis ts  of a fo o tb a ll bladder vri.red 
to  the tube from a B14 cone with a brass rod in se rte d  through the cone 
in to  the bladder. The rod allowed free  backwards and forwards movement, 
but sideways movement was s l ig h tly  r e s t r ic te d .  Before i t  was a ttached 
to f la s k  D, as described above, the a i r  was removed from the bladder by 
evacuating and r e f i l l i n g  i t  w ith n itrogen  th ree  to  four tim es. The bladder 
was then wired to  the rod, and in  th is  way the chance of d iffu sio n  of a i r  
in to  the bladder and thence to  the so lid  was g rea tly  reduced. When the 
rod was to  be used, the apparatus was f i l l e d  with n itrogen, the wire re ­
moved and the so lid , a f te r  crushing, was pushed ino the T-piece of the . 
"pig" L, The bladder was then rew ired to the rod . The solid was then 
fu r th e r  d ried  by continuous pumping fo r  several hours and sealed under 
vacuum in  severa l tubes ( fo r  magnetic measurements, analysis, spectra , etc®/. 
With the iod ide , continuous pumping over a few hours caused an 
uneven lo ss  of water of hydration, the colour changing from blue to  greenish 
yellow* . I t  was th ere fo re  necessary to allow the c ry s ta ls  to  eq u ilib ra te
o v e r n ig h t  w i th  w a te r  v a p o u r  fro m  th e  m o th e r  l i q u o r .  The b lu e  c r y s t a l s  
w e re  s e a l e d  o f f  a s  b e f o r e »
P r e p a r a t i o n  o f  com pounds i n  c a te g o r y  B
Chromous sulphate and chloride have been la rg e ly  used as parent 
substances in  the p reparation  of various chromous compounds, Chromous 
sulphate can be e a s ily  obtained c ry s ta l l in e , and once dry i s  stab le  to 
oxidation .
The s a l t  so lu tion  was f i l t e r e d  in to  vessel C as shown in  Pig# 7A 
and concentrated under reduced p ressu re . When the so lu tion  was f a i r ly  
concentrated, deoxygenated acetone was sucked in  and, on shaking, blue 
c ry s ta ls  of chromous sulphate were p rec ip ita te d  out#
The c ry s ta ls  were f i l t e r e d  using the apparatus in  Fig.8A provided 
with a bladder and rod attachment in  which the rod passed through a b a ll  
and socket jo in t  in stead  of a B14- cone as in  Pig, 7B#
The c ry s ta ls  were washed th ree  to four times with small amounts of 
deoxygenated acetone, d ried  under continuous pumping, and sealed under 
vacuum in  various tubes on the np ig H*
With chromous chloride and bromide highly concentrated so lu tio n s were 
requ ired  before p re c ip ita tio n  with acetone* Chromous bromide was more 
soluble than ch lo rid e , hence i t  was washed with very small amounts of acetone.
P reparation  of compounds in  category C
In the p reparation  of a lip h a tic  carboxylates f a i r ly  concentrated 
so lu tions were used. A so lu tion  of chromous sulphate or chloride was
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prepared as before* the chromous s a l ts  p re c ip ita te d  by the addition  of 
acetone, the acetone decanted o ff, th e  s a l t  dried , and i t s  weight determined 
by weighing vesse l C which had previously been weighed empty. An aqueous 
so lu tion  containing a s lig h t defic iency  of the appropriate sodium alkanoate 
was then added slowly w ith shaking* Deep red c ry s ta ls  soon separated*
Vessel C was then cooled in  ice-w ater fo r  h a lf  an hour to allow complete pre­
c ip ita tio n *  The so lid  was f i l t e r e d  as shown in  Fig, 8A, and washed th ree  
times with small amounts of w ater. The f i l t e r  u n it was detached and the 
so lid  dried  and sealed in to  several glass tubes under reduced pressure* 
C ry sta llin e  chromous formate was sc a r le t- re d , and. w ith water gave a blue 
solution*
These compounds could also  be prepared by reducing chromic chloride 
w ith zinc and d ilu te  HC1 and tre a tin g  the so lu tion  with sodium carboxylate*
Anhydrous s a l ts  were prepared by heating the hydrate in  the T-piece 
on an o i l  bath  a t 110-*120°C fo r  about two hours under reduced pressure with 
occasional shaking.
Hydrated chromous formate changed on keeping fo r  ten  to f i f te e n  days 
from a s c a r le t- re d  colour in to  dark red d ish -v io le t. Sim ilar behaviour also
occurred w ith the anhydrous red  chromous formate which, when heated fo r  
an hour in  a sealed tube a t about 140°C, was e n tire ly  converted in to  a blue 
form* The blue form of the anhydrous chromous formate was nonhygroscopic 
and reasonably s tab le  in  a i r .  Anomalous magnetic behaviour of these s a l ts  
w ill  be discussed la te r*
Preparation  of compounds in  category D
In the preparation  of these compounds d ilu te  so lu tions were used*
To a s lig h t excess of ac id -free  chromous sulphate so lu tion  was added a solu­
tio n  of the appropriate sodium s a l t .  Immediate p re c ip ita te s  were obtained 
which were more or le s s  gela tinous in  nature and d if f ic u l t  to  f i l t e r *  A ll 
were s im ila rly  red  except fo r  the monohydrogen phosphate and oxalate  which 
were blue and greenish-yellow  respectively*  The monohydrogen phosphate 
was prepared by tre a tin g  disodium hydrogen phosphate so lu tion  w ith chromous 
sulphate so lu tion  while chromous oxalate was prepared by the method of Lux 
and Illmann [ 24] »
The p re c ip ita te s  were f i l t e r e d  with the syringe f i l t r a t i o n  u n it  Z 
as shown in  F ig . 8B. F i l t r a t io n  of the gelatinous p re c ip ita te s  took 
appreciable time but oxidation was n eg lig ib le  with th is  apparatus. S lig h t 
oxidation occurred a f te r  a day or so w ith the bladder f i l t r a t i o n  u n it 
(Fig. 8A), presumably because a ir  g radually  d iffused  through the rubber, 
even with an atmosphere of n itrogen  w ith in . A fter water washings, when the 
compound was dry, Z was removed. Twisting (a rrow  T), d isplaced the  s o lid . 
V e rtic a l movements (arrow V) could be used fo r  gen tle  crushing. The com­
pounds were then sealed in to  g lass tubes.
A ll except the monohydrogenphosphate, oxalate and malonate were ex­
trem ely sen sitiv e  to  air*
Anhydrous compounds were prepared as before*
Preparation  of complexes in  category S
( i )  Chromous hydrazine h a lid e s i An excess of hydrazine hydrate was 
added to  the appropriate chromous halide so lu tio n , the bromide and iodide 
so lu tions being cooled as much as possible^ In a l l  cases a pale l i l a c  
p re c ip ita te  appeared immediately. This was f i l t e r e d  o ff , washed th ree 
times with ethanol and sealed o f f .  One tube of the iodide exploded during 
the sea3.ing. Once dry the so lid s  were s tab le  to  a i r .
( i i )  Tris(ethylenediam ine)chrom ium (ll) sulphate: Solid  CrS0^.5H,-,0 
was tre a te d  with a ca lcu la ted  quan tity  of a so lu tio n  of ethylenediamine, 
whereby a b lu ish -v io le t  so lu tion  of the complex was obtained. The complex 
was iso la te d  by the category A method.
I t  appeared to be hygroscopic, and was insoluble in  acetone*
( i i i )  Ammonium chromous fluo rides An excess of a concentrated 
so lu tion  of ammonium flu o rid e  was added slowly to  an aqueous chromous 
chloride so lu tio n , and a l ig h t  blue p re c ip ita te  formed. The so lid  was 
washed with small amounts of water and iso la te d  as usual. I t  was moderate­
ly  soluble in  water giving an in tense  blue so lu tion  and seemed hygroscopic 
though f a i r l y  stab le  in  air*
Sealed tubes containing the compounds were notched, weighed and 
c a re fu lly  broken. The so lid  was then tapped out in to  a crucib le  or beaker* 
The g lass p ieces were weighed together with any s l iv e rs  of g lass which
-6 3 -
separated on breaking. The weight of the compound was then obtained by 
d iffe rence .
Chromium was determined where possib le  by d ire c t combustion to 
in  a porcelain  c ru c ib le . The monohydrogen-phosphate was oxidised w ith 
concentrated and then perch lo ric  acid  to  chromic acid . To th is
was added excess standard ferrous ammonium sulphate which was back t i t r a t e d  
with standard potassium dichromate. For chromous perch lo rate , ammonium 
chromous f lu o rid e  and hydrazine ha lides the chromium was p re c ip ita te d  as 
hydroxide and the residue weighed a f te r  ig n itio n  as C r^O y
Chloride and bromide were estimated by p re c ip ita tio n  as the s i lv e r  
ha lide , phosphorus as ammonium phosphomolybdate and sulphate as BaSO^.
hydrazine ha lides , sa tis fa c to ry  analyses fo r  ch loride and 
bromide were obtained by p re c ip ita tio n  of the s ilv e r  ha lides only a f te r  
fusion  of the compounds w ith sodium carbonate* This method gave very low 
re s u l ts  fo r  iod ide , presumably because of oxidation  of the iodide by the 
chromate formed in  the fu sion . To determine the iodine the hydrazine 
complex was destroyed Ydth concentrated sodium hydroxide, and the hydroxide 
p re c ip ita te  f i l t e r e d  o ff . The f i l t r a t e  was a c id if ie d  with sulphuric acid , 
an excess of f e r r ic  alum added, and the iodine formed d i s t i l l e d  in to  
potassium iodide containing a s lig h t deficiency of standard sodium th io -  
sulphate. The s lig h t excess of iodine was then t i t r a t e d  w ith more th io -
sulphate. This procedure prevented lo ss  of iodine by v o la tiliz a tio n *
Iodine from chromous iodide was estim ated sim ilarly*
C om m ercial m ic r o - a n a ly s e s  f o r  c a rb o n  and  h y d ro g e n  w ere u n s u c c e s s f u l  
b e c a u s e  o f  th e  e x tre m e  s e n s i t i v i t y  o f  th e  c h ro m iu m ( ll)  compounds to  a i r .  
T h e rm o g ra v im e tr ic  a n a l y s i s  o f  CrSO^.^H^O c o n f irm e d  th e  e x te n t  o f  
h y d r a t io n  an d  shoYfed c lo s e  re s e m b la n c e  to  CuSO^^H^O.
The absence of w ater of hydration in  th e  anhydrous chromous com­
pounds was confirmed by the examination of th e ir  in fra -re d  absorption
spectra  in  Nujol mulls between ro c k -sa lt  p la te s . There were no ch arac te r-
—1i s t i c  water absorption in  the 3300 and 1600 cm, regions.
The a n a ly tic a l r e s u l ts  are summarised in  Table k-*
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MAGNETIC MEASUREMENTS AND RESULTS
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1, DETERMIMTION OF SUSCEPTIBILITY
The simple and convenient method of G-ouy [ 92] was used fo r  magnetic 
su s c e p tib il ity  determ inations fo r so lid s and liq u id s . I t  c o n sis ts  essen­
t i a l l y  of the suspension of a c y lin d ric a l sample of the substance in  
question in  a non-homogeneous magnetic f i e ld  and measurement, by a conven­
t io n a l  weighing technique, of the force exerted on i t .
Imagine a uniform c y lin d ric a l body 1 cm, long of cross sec tiona l 
area A, suspended v e r t ic a lly  with i t s  top in  a f i e ld  Hq and i t s  base in  a 
f i e ld  H.»
But V =s- Al, a id  i f  the  cy linder is  hung with i t s  lower end (base) 
in  the region of maximum f i e ld  H, and i t s  upper end in  an e ffe c tiv e ly  zero
I f  the f ie ld  g rad ien t at a p a r t ic u la r  po in t i s ;, the force exerted
on a small element of the body i s
f ( i )
w h e re |^  i s  the su sc e p tib il ity  per u n it volume of the specimen,
i s  the s u s c e p tib il ity  per u n it volume of the d isp laced  medium,
and V i s  the volume of the body.
The to ta l  force F (in  dynes) over the whole cy linder i s
H = Ho
(2 )
f ie ld ,  equation (2) w ill  be S'-
FI = -  K2) AlH2
• P = K iq  - f ig )  An2
By su b s titu tin g  F = wg, where w i s  the apparent change in  weight
—2in  gram and g the acce le ra tio n  due to g rav ity  cm,sec,
.*• wg = ~ ^ 2) AH2
fjjf (3)
=%d ~ v / h e r e  d i s  the density  and I  i s  the weight of 
the specimen*
AT 4.
. V = <V-2 ^
* * A#
. . .  (4)
W
r  r
For n i tro g e r^ g  = “0*0004 x 10 and fo r  a i r j ^  = +0.029 x 10 
o .g .s.e .m .u*
Hence i f  the measurements are c a rr ie d  out in  an atmosphere of n itrogen  
2V w ill  be n eg lig ib le  and equation (4) reduces to
X
A ll the ca lcu la tio n s  are based on th is  formula fo r  so lid s , as they
!H2
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were measured under an atmosphere of n itrogen .
For single temperature measurements in  a ir  the co rrection  must
be allowed fo r and equation (4 ) used.
Single temperature so lu tion  measurements
Solution measurements ?7ere c a rried  out a t room temperature using the 
apparatus i l lu s t r a te d  in  F ig .9* The so lu tion  was contained in  a f l a t  bottom­
ed g lass tube 10 mm. in te rn a l  diameter, which was suspended from the l e f t  
hand pan of the balance with a chain (non-ferrous) suspension* I t  was hung 
so th a t  on app lica tion  of the magnetic f i e ld ,  i t s  lower end was in  the region 
of uniform f ie ld ,  while i t  was su f f ic ie n tly  long fo r the top to  be e ffec tive ly  
outside the f ie ld .  To exclude draughts the suspension and tube were enclosed 
in  g lass and a thermometer was in se rted  near the sample tube to  measure the 
tem perature. The enclosing tube was f i t t e d  w ith a ground g lass jo in t ,  ju st 
above the top of the specimen tube, so th a t the upper po rtion  was permanently 
fixed  and the lower po rtion  was detachable, to allow the specimen to  be 
adjusted .
Measurements were performed by f i l l i n g  the tube to  the mark and 
weighing with the f i e ld  on and o f f . Weighings were repeated using d if fe re n t 
f i e ld  strengths and co n sis ten t values of taken to  in d ica te  the absence of 
ferrom agnetic im p u ritie s .
A specimen length  of about 10 cms. was found to be s u f f ic ie n t  to  en­
sure th a t the top was e ffe c tiv e ly  out of the f i e ld .
C alib ra tion  of the apparatus consisted  of two p a r ts . F ir s t  the de­
term ination  of V. This consisted  simply of measuring the weight of 
d i s t i l l e d  water requ ired  to f i l l  the tube and converting th is  to
Coils 
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agnet
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volume. Secondly the determ ination of H. This was most conveniently 
done by using NiCl^ so lu tion . N ettle  ton and Sugden [ 93] showed th a t  fo r  
so lu tions of approximately by weight NiCl^ a t  20°C the gram s u s c e p tib il ity  
is  given b y :-
X  = [ i ^ 222' P -  0.72(1 -  P)] x 10"S
where P i s  the proportion  by weight of NiCl^ in  so lu tion ,
X  i s  the  su s c e p tib il ity  of so lu tion  
and T i s  the tem perature in  degrees absolu te .
Thus, knowing %  , and measuring w, H was found from equation (4-)*
Having c a lib ra ted  the apparatus the su sc e p tib ility  of any so lu tion  
could then be found. The su sc e p tib ility  of the solute  i s  given b y :-
^ S o lu t io n  = %Comp. X P * ^Solvent x C1 ~ P)
Knowing ^ on^ p was obtained by m ultiplying by the molecular
weight of the substance. But%^ an& the e ffe c tiv e  magnetic
moment can be derived as
\iQ ~ 2 . 8 4 / ^ T t  (B.M.)
Weight changes were measured on a semi-micro Stanton model SM 12 
balance with centre zero with an accuracy of -  0.02 mg. The p o s itio n  of 
the specimen was m aintained by use of the r id e r .
The magnet was of the Humprey’s Sucksmith type electro-m agnet 
capable of a f i e ld  v a ria tio n  up to about 9*000 oersted s. Current supply 
was obtained from n ick e l- iro n  b a tte r ie s  and was measured by means of a good,
-75-
m irror scale  ammeter* I t  was varied by in troducing two rh eo s ta ts  in  
s e r ie s , one fo r  coarse and one fo r fin e  adjustment*
In magnetochemical in v es tig a tio n s , measurement of su s c e p tib il ity  
over a range of temperature i s  most desirab le  since th is  shows not only the 
existence of, but also the magnitude of departures from id e a li ty .  This i s  
of course impossible fo r  so lu tions but using the apparatus described below 
i t  has been possib le  with po?\rdered so lid  specimens to  cover the range 80 
to  A00°K.
Measurements down to 80°K 
The p rin c ip le  i s  p rec ise ly  the same as fo r single temperature 
measurements, and the same balance and magnet were used. The s ig n if ic a n t 
d ifference  i s  th a t in  th is  case the specimen was surrounded by a ra th e r  
bulky c ry o s ta t to  m aintain the temperature a t any predetermined value, and 
th is  n e ce ss ita ted  a wider pole gap (about 6 cms.) as i l lu s t r a te d  in  Fig.10#
Specimen and suspension
The specimen was powdered in to  f a i r ly  small and roughly uniform 
p a r t ic le s  and was ca re fu lly  packed in to  a g lass or perspex tube. Owing to  
the tra c e s  of ferromagnetic im purities in  g la ss , i t s  diamagnetic co rrection  
v a rie s  appreciably with tem perature. As a r e s u l t  g lass tubes were only 
used where the compounds were a i r  sensitive  and had been prepared under an 
atmosphere of n itrogen  and sealed  o ff under vacuum. In a l l  o ther cases 
perspex tubes were used.
Because of the  lim ited  space in sid e  the copper chamber i t  was not
•76-
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possib le  to  use aluminium c o lla rs  fo r suspending the tube. For the open 
perspex tubes a loop of th read , secured by a small rubber bung, was effec­
t iv e . With the sealed g lass tubes i t  was necessary to secure the cotton  
loop by a rubber rin g  around the top of the tube*
The specimen was in se rte d  in to  the top of the chamber w ithout moving 
the c ry o s ta t. This was made possib le  by the add ition  of a g lass tube 
concentric w ith, and f i t t i n g  over, the g lass oolumn sh ield ing  the suspension* 
This could be ra ised  to  admit the specimen and then lowered to make a t ig h t  
f i t  in  the neck of the c ry o s ta t.
The c ry o s ta t (Fig. 11) was very sim ila r to th a t  used by Earnshaw [94-]* 
In  order to  take sa tis fa c to ry  readings w ith the specimen a t  predetermined, 
but v a riab le , tem peratures th ere  are four requirements.
( i )  A method fo r cooling the systems Liquid n itrogen was used as 
the coolant* I t  was contained in  the outer dewar and the dewar was 
clamped permanently in  p osition  between''the pole p ieces of the magnet. The 
le v e l of the coolant was m aintained autom atically  by a method i l lu s t r a te d  
in  F ig .12. The coolant was forced in to  the dewar by cpmpressed a i r  from 
the quarte r horse power compressor. I t  was operated by a Sunvic re la y  
type F ,102/31 in  conjunction with a therm istor (4000 ohms a t room tempera­
tu re)*  The therm istor was s itu a te d  ju s t  in side  the top of the dewar so 
th a t when the le v e l of the coolant f e l l ,  the res is tan ce  of the therm istor 
decreased su f f ic ie n tly  to  cause the re la y  switch to  close, thereby s ta r t in g
-7 8 -
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the compressor, and fo rcing  coolant in to  the c ry o s ta t. With the increase 
in  the le v e l of the coolan t, the therm istor res is tan ce  was increased and 
the compressor v;as turned o f f .  In th is  way the le v e l of the coolant was 
m aintained in  the dewar as long as the re se rv o ir  contained an adequate 
supply*
( i i )  A method fo r heating the system: The copper chamber was heated
e le c t r ic a l ly  by passing a cu rren t up to one ampere through a 54 ohms 
nichrome c o il  vvound around the  copper chamber. The streng th  of the current 
was regu la ted  with the help of a variac and the cu rren t was con tro lled  by
a hot wire switch which was in  turn  operated by a therm ostatic  control*
( i i i )  A therm ostatic arrangement to  ensure th a t ( i )  and ( i i )  balance: 
The temperature con tro l i s  i l lu s t r a te d  in  Fig,13« I t  was e s se n tia lly  a 
bridge system, one arm of vdiich ¥*ras a platinum res is tan ce  and the other a 
v a riab le  re s is ta n c e . The platinum  wire of 0,005 inch diameter, w ith a 
re s is tan c e  of . about 20 ohms a t  room tem perature, was wound around the 
copper chamber in  a s im ila r way to the nichrome c o il ,  from which i t  was in ­
su la ted  by a th in  sheet of P0ToF*E* A fter the variab le  re s is ta n c e s  had 
been s e t  a t  an appropriate value, cooling of the  system below the corres­
ponding tem perature produced an out of balance voltage on the bridge because 
of the f a l l  in  the re s is ta n c e  of the platinum. This out of balance v o lt­
age was used to  operate a re lay  which switched on the heating cu rren t and 
re s to red  the balance. Heating was therefore  in te rm itte n t but because of. 
the heat capacity  of the copper chamber, th is  e ffe c t was ’’smoothed out”
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and the specimen suspended in  the middle a tta in e d  an e ffe c tiv e ly  constant 
tem perature. The heat lo ss  from the copper to  the liq u id  n itrogen  was 
reduced by in te rposing  a vacuum between them.
To avoid condensation of oxygen a t the lower temperatures i t  was 
necessary to evacuate the in side  of the c ryosta t and to f i l l  w ith  n itrogen. 
This had an add itional advantage th a t no co rrec tion  fo r  the volume of the 
specimen was needed because of the very low su sc e p tib il ity  of the n itrogen  
d isp laced  by the specimen.
( iv )  Measurement of temperatures The temperature was measured 
accura tely  by means of a nichrome-constantan thermocouple. The "hot" 
junction  was spot welded and the "cold" junction  s i lv e r  soldered to  copper 
leads and immersed in  an ice-w ater ba th . The e .m .f, was measured on a 
T insley potentiom eter type 338?B w ith an accuracy of -  0,000005 v o lts .
The nichrome-constantan junction  was in se r te d  halfway down a narrow 
hole bored v e r t ic a l ly  down the w all of the copper chamber, and the tempera­
tu re  so measured was taken as th a t of the specimen i t s e l f .  This was 
ju s t i f ia b le  provided su ff ic ie n t time was allov/ed fo r  thermal equilibrium  
because of the conductiv ity  of the  copper and also because of the method 
of c a lib ra tio n  of the thermocouple.
F ie ld  c a lib ra tio n
Numerous substances a re  availab le  as c a lib ra n ts , bu t fo r  so lid
specimens so lid  c a lib ra n ts  are p referred! the more convenient of these a re ; —
Hg[Co(CNS).] [95] with j i  » 16.44x10*"^ a t 20°C (decreasing by approximately h- 8
-83-
0.05 x 10 per degree centigrade r i s e )  and [ N i ( Q n ) ^ ] [ 96] with
-6  —6% = ll.O if x 10 a t  20°Q (decreasing by approximately 0.04 x 10 per
degree centigrade rise )*
Thermocouple c a lib ra tio n
Although the repo rted  values of the su sc e p tib il ity  of CuS0 .^5H,_,0
show appreciable v a ria tio n , the way in  which i t  v a ries with temperature i s
Thus the constant o f p ro p o rtio n a lity  may be found i f  one temperature 
can be determined accura te ly  and the p u ll a t th a t temperature measured*
A tube was packed w ith powdered ca lib ran t and w measured a t in te rv a ls  
from room temperature to  the lowest tem perature obtainab le . The co rres— 
ponding e .m .f• of the thermocouple was measured in  each case.
0°C was the most convenient tem perature fo r  evaluating the proportion­
a l i ty  constant since a t th i s  po in t the thermocouple e .m .f. i s  zero*
A graph of w against e.m.f* around 0°C was p lo tte d  and w a t  exactly  
0°C read o ff from th is*  I t  was then possib le  to ca lcu la te  a l l  o ther 
tem peratures and to  construct a c a lib ra tio n  curve of e.m.f* against T*
accura tely  known [97]* CuSO. *5H90 obeys the Curie-Weiss Law with
but -  Cw, ••• = Cw where C i s  known from f ie ld  c a lib ra -
Above room temperature CuSO^^H^O cannot be used because of possible
loss of water, so Gd. 0_, which also  obeys the Curie-Weiss Law (0 =* 13°)* was
used up to 2+00°K. The method was p rec ise ly  the same as fo r  CuSO^.^H^O.
I t  was possible to estim ate a given temperature from the c a lib ra tio n  
curve to  w ith in  0.1° a t the h igher tem peratures and 0.2° fo r  the lower 
temperatures*
Experimental procedure
In  order to  remove a l l  a i r  and ensure an atmosphere of n itrogen , the 
in sid e  of the inner dewar was f i r s t  evacuated, a f te r  in se r tin g  a rubber 
bung and connecting to the vacuum pump* Then "White Spot" n itrogen  was 
adm itted. By repeating  th is  procedure th ree  or fou r times the complete 
absence of a i r  was ensured. A slow stream of n itrogen  throughout the
experiment prevented back d iffu s io n  of a i r  in to  the inner chamber. A ra te  
of one bubble per second passing through a concentrated bubbler was
s u ff ic ie n t  fo r  th is  purpose and had no detectable e f fe c t  on the weighings.
When in se r tin g  the specimen in to  the chamber and attaching  i t  to  the 
suspension the n itrogen flow was tem porarily increased . A fter allowing a 
few minutes fo r  turbulence to  subside the specimen was weighed w ith  and 
without f i e ld ,  ex trac ted , repacked and remeasured u n t i l  the r a t io  of p u ll 
(corrected  fo r  the diamagnetism of the tube) over weight of the substance 
was constan t to  w ithin The temperature con tro l was then se t a t room
temperature and, applying the vacuum between the w alls of the inner dewar, 
the supply of l iq u id  n itrogen  switched on. Once the therm ostat had begun 
to function , the apparatus was l e f t  fo r  about h a lf  an hour to eq u ilib ra te  
and the specimen was weighed w ith and without the f ie ld .  To t e s t  fo r
ferrom agnetic im purities th is  was repeated w ith three d if fe re n t f ie ld s .
I f  the su s c e p tib il ity  remained constant such im purities were absent and 
measurements were continued. The therm ostat con tro l was se t fo r  a lower 
temperature and when the req u ired  temperature was r  eache.d the heating cu rren t 
was autom atically  switched on. A fter about h a lf  an hour the weighings were 
again recorded and the procedure repeated .
Vacuum was re leased  fo r  the measurements below 140°K and no coolant 
was used above 300°K. At the lower tem peratures about an hour was allowed 
fo r  the specimen to eq u ilib ra te .
Methods of packing and accuracy of re s u lts
The main source of e rro r  a r is e s  from the packing of the powdered
samples.
Care was therefo re  taken to  ensure uniform packing. In  the case 
of compounds which Yvere stab le  in  a i r ,  the sample was introduced in to  the 
tube, a l i t t l e  a t a time, and tapped down a f t e r  each add ition . This was
repeated u n t i l  the specimen was of the requ ired  leng th . Hygroscopic sub­
stances were packed in  a dry-box o r on apparatus shown in  Fig. 6* Packing 
was repeated u n t i l  consecutive values of the su s c e p tib il ity  agreed w ithin 
1%m In the case of a i r  se n s itiv e  compounds which were sealed o ff  in  g lass 
tubes under vacuum, only one packing was p o ss ib le . However, experience w ith 
d if fe re n t p reparations showed th a t the rep ro d u c ib ility  in  t h i s  case was a t 
le a s t  as good as fo r  compounds packed in  a i r .
-86'
For a given packing of any sample the r e la t iv e  e rro r  of values of pC 
a t d if fe re n t tem peratures was much le s s  than 1% fo r  substances of high moment* 
However fo r  the nearly  diamagnetic substances, where the p u lls  were extremely 
small (sometimes -C 0.05 mg), the r e la t iv e  e rro rs  were o ften  la rg e . The 
tem peratures T/ere measured w ith in l^ ^ S  and d if fe re n t f i e ld  streng ths were 
reproducible to  Yjithin -  0.1%,
The magnetic r e s u l ts  obtained are given in  Tables 5 to 31 and the 
J  and g values, ca lcu la ted  fo r dimeric molecules, are given in  Table 32#
-8 7 -
TABLE 5
copper( i i ) compounds
Cu(CH cicoo)
Temp. (°K)
.2,5H„0-
He (B.M.)
diamagnetic co rrec tion  = -124 x 10,-6
346.3 907 11.03 ! 1.59
329*8 905 11.05 1.55
310.0 927 10.79 1.52
293.5 932 10.73 1.49
283.5 919 10.88 1.45
264.0 922 10.85 1.40
248.3 915 10.93 1.35
211.0 881 11.35 1.23
179.0 799 12.52 1.07
147.0 661 15.13 0.886
123.0 524 19.08 0.721
107.0 438 22.83 0.615
95.8 379 26.39 0.541
x » 2
I
diamagnetic come otion = -92
329.0 877 11.40 { 1.53 !
310.8 899 11.12 1.50 1
297.0 911 10.98 1.48 j
290.0 914 10.94 1.46
270.0 926 10.80 1,42
247.0 932 10.73 1.36 i
222.0 918 10.89 1.28 1
198.0 890 11.24 1.19 I
171.2 816 12.25 1.06 !
147.5 718 13.93 0.924
124.5 599 16.69 0.775
103.5 470 21.28 0.626
100.3 461 21.69 0.611 1i
.-6
[
—88—
TABLE 6
Cu(CHC12C00)2 diamagnetic co rrec tion  = -126 x 10 ^
Temp. (°K) ; X A x 10b \ & j~  x 10 ; [iQ( B.M.)
327.0 ; 1196
1........ ...."I
j 8.357 ■ 1.78
310.5 | 1245 1 8.032 |1 i 1.77
295.0 j
i 1313
{
! 7.617 :1 ; 1.77
272*5 j 1401 ! 7.138 jJ ] 1.76
250,0 | 1516 5.598 ;* j 1.75
222.7 j 1655
t ■
j 6.043 j 1.72
201.0 j
i
1796 | 5.567 1.71
174.0 j 2013 | 4.968 | 1.68
150.0 | 2231
j )
; 4.482 j 1.64
128.0 |
! 2461 j 4.063 j 1.59i
109.0 | 2665
i 1; 3.752 j 1.53
95.5 2800 : 3.571 ; 1.47
Cu(CCl,C00)_.3H_0 diamagnetic co rrection  = -199 x 10—6
326.0 ; 1455 6.873 1.96
310.5 i 1520 i 6.579 1.95
299.8 ! 1589 ! 6.291 1.96
276.5 | 1718 ! 5.822 1.96
256.5 ‘ 1855 1 5.390 1.96
236.3 ! 2017 ! 4.958 1.96
203.0 ! 2337 4.279 1.96
190.5 1 2507 j 3.989 1.96
180.0 ! 2647 » 3.778 1.96
157.5 s 3016 | 3.316 1.96
137.8 ; 3470 i 2.882 1.96
119.0 1 4014 ! 2.492 1.96
100.5 1 4774 1 2.094 1.97
94.5 1 5088 ; 1.966 1.97
3C00)2 1 diamagnetic co]erection
325.5 ; 1291 : 7.745 1.84
310.5 | 1373 ! 7.282 1.85
295.5 1 1422 i ■ 7.032 1.84
284.0 | 1452 i 6.887 1.82
263.8 ! 1544 1 6.477 1.81
22a .  0 j 1659 i 6.028 1.80
219.5 i 1772 ! 5.643 1.77
197.0 1 1919 I 5.212 1.75
172.0 ! 2105 i 4.751 1.71
147.3 | 2319 4.313 1.66
124.6 ! 2536 ; 3.944 1.60
104.3 ! 2741 | 3.649 1.52
96.0 i 2804 | 3.566 1.47
= -161 x 10—6
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TABLE 8
| s ^ i | i
j Temp.(°K) x  IO6 j % A x lo " 2 j H0(B.M.) }
(^(CgHjCOO)^.2HgO J | diamagnetio co rrec tion  = -158 x 10~^
327.0 1247 8.019 1,81
311.0 1321 7.570 1.82
300.0 1368 7.309 1.82
293.0 1387 7.207 1.81
273.0 1496 6.682 1.82
249.5 1634 6.120 1.81
230.0 1759 5.685 1.81
206.0 1961 5.099 1.81
184.5 2161 4.628 1.79
164.5 2412 4.146 1.79
140.8 2790 3.584 1.78
119.5 3263 3.062 1.77
99.5 3915 2.555 1.77
92.0 4177 2.394 1.76
CM
OOa
-vr\
i
diamagnetic co rrection  = -I
327.6 879 11.38 1.52
310.9 889 11.25 1.50
293.5 900 1 1 .1 1 . 1.46
262.1 904 11.06 1.38
234.5 878 11.39 1.29
203.1 836 11.96 1.18
178.0 768 13.02 1.05
149.6 664 15.06 0.895
127.5 561 17.83 0.760
108.0 475 21.05 0.644
95.6 423 23.64 0.571
9 2 -
TABLE 9
Temp.(°K) I 7C * x 10*
Cu(CgH2H02C00)2.H20 diamagnetic co rrec tion  = -178 x 10-6
(ortho) j
325.0 813 12.30 1.46 !
310.5 821 ! 12.18 1.43 !
298.0 817 i 12.24 1.40 !
295.2 822 1 12.17 1.40 ;
274.5 816 12.25 1.35 1
254.1 802 i 12.47 1.28 j
233.5 771 1 12.97 1.21 j
212.7 731 I 13.68 1.12 j
190.0 670 | 14.93 1.01 i
169.0 586 ! 17.06 0.894
149.5 489 ; 20.45 0.768
132.0 392 i 25.51 O.646 \
113.0 278 j 35.97 0.503 |
100.0 202 j 49,50 0.404 1
96.0 183 1 54.641 0.377 j\
+no2coo) 2
j
i diamagnetic co rrec tio n  = -165
(ortho) I
i
325.0 888 | 11.26 1.53 !
310.0 910 ! 1 0 .9 9 : 1.51 !
295.0 923 j 10*83 1.48 j
273.5 927 1 10.79 1.43 j
249.0 917 i 10.90 1.36 j
229.5 905 11.05 1.29
202.0 854 1 11.71 1.18 }
174.0 769 13.00 1.04 1
149.5 .. 654 15.29 0.888 !
126.6 519 1 19.27 0.728 |
108.5 387 ! 25.84 0.582 i
95.4 306 i 32.68 0.485 I
- 9 3 -
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TABLE 10
Temp.(°K) J X A x  10 '1 s  IO-2
Cu(C6H4N02C00)2,H20 
i (para)
* ■ **6 diamagnetic c o rre c tio n ^  -178 x 10
325.0 845
.
11.83 1.49
309.8 856 11.68 1.46
298.0 873 11.45 1.45
270.2 879 11.38 1.38
267.5 884 11.31 1.38
243.0 873 11.45 1.31
220.5 857 11.67 1.23
196.1 830 12.05 1.15
173.5 778 12.85 I .04
153.5 725 13.79 0.948
132.0 642 15.58 0.826
11.0.5 569 17.57 0.712
96.0 537 18.62 0.645
M°2C00)2
(para)
diamagnetic c<>rrection = -1£
327.5 932 10.73 1.57
311.0 95 6 10.46 1.55
295.0 972 10.29 1.52
272.5 991 10.09 1.48
250.0 1006 9*945 1.43
229.0 1006 9.945 1.36
201.0 999 10.01 1.27
173.5 962 10.39 1.16
150.0 902 11.09 1.04
127.5 831 12.03 0*925
108.5 771 12.97 0.821
93.0 737 13.57 0.744 1
-6
-95 -
table 11
Temp.(°K) x 10
cu (c6H2No2coo)2.2ia2o
(meta)
326.0
310.4 
300.0
262.7
222.5
180.8 
141.3
103.5 
96.5
cu(c6h4no2coo) 2
(meta)
326.5
311.0
295.0
274.5
250.1 
230.2 
201.0
174.0
150.0
127.5
108.5 
93.3
diamagnetic correction  = -217 x 10-6
1391
1446
1507
1714
2014
2490
3192
4352
4678
7.188
6.915
6.638
5.835
4.965
4.016
3.133
2.298
2.137
1.91
1.90
1.91
1.91
1.90
1.91
1.91
1.91
1.91
diamagnetic co rrection  = -165 x 10—6
1209 8.274 1.78
1261 7.930 1.78
1310 7.634 1.77
1385 7.218 1.75
1493 6.697 1 .74
1568 6.377 1.71
1709 5.853 1.66
1885 5.304 1.63
2049 4.881 1.57
2230 4.484 1.52
2394 4.177 1.45
2529 3.954 1.38
*96—
TABLE 12
Cu( C^H, OIIC00) 0
(ortho)
diamagnetic co rrec tio n  = -  193 x 10 .-6
Temp (°K) x 106*  A T ^ " 1 x io “2 |jte (B.M
325.0 1603 6.239 2.05
312.5 1666 6.002 2.05
298.0 1756 5.694 2.05
291.0 1792 5.580 2.05
257.0 2026 4.936 2.05
169.0 3077 3.249 2.05
132.0 39U 2.537 2.05
96.0 5422 1.844 2.05
-9 7 -
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TABLE 13
Temp.(°K) /CA X 10^ 7Ca-1 x io -2 {i (B.M.) 6
CuC2(V iH2°
!
diamagnetic co rrec tion  =
325.4 735 13.61 1.39
310*8 744 13.44 1.37
294.0 753 13.28 1.34
275.0 764 13.09 1.30
254.5 772 12.95 1.26
234.0 778 12.85 1.21
212.0 779 12.84 1.15
189.5 782 12.79 1,09
167.8 779 12.84 1.03
153.3 775 12.90 0.979
136.0 771 12.97 0.919
119.0 766 13.05 0.857
99.5 758 13.19 0.780
95.0 755 13.25 0.761
CUC2( diamagnetic co rrection  =
325.6 697 14.35 1.35 j
310.0 705 14.18 1.33
300.5 712 14.04 1.31
295.0 712 14.04 1.30
275.4 722 13.85 1.27
254.5 733 13.64 1.23
242.5 736 13.59 1.20
220.0 738 13.55 1 .14
198.5 739 13.53 1.09
180.0 737 13.57 1.04
162,0 733 13.64 0.979
137.5 728 13.74 0.899
119.0 719 13.91 0.831
100.0 717 13.95 0,761
95.6 716 13.97 0.743
- 99-
TABLE 14
Temp* (°K) X A x 106 K f 1 x 10“2
j . 1
‘4 V H2°
(p h th a la te )
diamagnetic correction  =
1
i
34&.5 1226 8.158 1.85
330.0 1282 7*800 1.85
309.0 1383 7.229 1.86
292*3 1451 6.892 1.85 ;
272.5 1569 6.372 1.86 j
250.0 1674 5.973 1 .84  1
230.3 1816 5.508 1.84  I
206.0 2005 4.988 1.83
184.5 2207 4.531 1.81 1
165.0 2449 4.083 1.81
141.5 2807 3.562 1.79
122.3 3159 3* 166 1.76
99.5 3750 2.667 ! 1.74
94.7 3895 2.568 | 1.73
(ph thala te )
diamagnetic <jo rrec tio n  ==
!
326*5 1197 8.350 1.78
3 H .0 1254 7.974 1.77
29 6.5 1308 7.648 1.77
284.0 1367 7.314 1.77
263.5 1469 6.806 1.77
24-3.5 1584 6.312 1.76
220.5 1735 5.764 1.76
196.0 1932 5.176 1.75
173.0 2171 4.606 1.74
148.0 2485 4.024 1.72
124.6 2877 3.475 1.70
104.5 3337 2.997 1.68
95.7 3566 2.804 1.66 |
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TABLE 15 
CHROMIUM(I I ) COMPOUNDS
M’q(BoMo j
CrS04 .5H20 diamagnetic co rrec tio n  = -105 x 10
326,0 9151 1.093 4.91
310,0 9622 1.039 4.91
297.9 10,093 0.9912 4.92
274.3 10,980 0.9100 2+* 93
230.0 12,080 0.8281 4.93
230.0 13,140 0.7612 4.94
207.3 14,510 0.6892 4.93
184.5 16,450 0.6080 4.95
158.5 19,230 0.5187 4*96
132.0 23,000 0.4348 4.95
107.7 28,560 0.3502 4.98
96.0 32,040 0,3121 4.98
4K20
1
diamagnetic co rrectic
323.8 9453 1.058 4.97
309.9 9719 1.029 4.93
297.0 10,180 0.9827 4.94
274.5 11,050 0.9053 4.95
249.6 12,090 0.8274 4.93
228.5 13,230 0.7559 4.94
206.1 14,710 0.6798 4.94
187.7 16,270 0.6147 4.96
164.5 18,500 0.5405 4.95
146.5 20,740 0.4821 4.95
126.7 24,240 0. 2+12 5 4.98
108.0 28,350 0.3528 4.97
94.0 32,680
■ 0.3059
4.98
-6
-1 0 2 -
TABLE 16
 ^ I .
Temp. (°K)j X\ x 10
CrBr„.6H„0
C rI2.5H20
324*8 9376 ! 1,066 j 4.96
309.5 9840 i 1.016 ! 4.96
291.0 10,560 j 0.9469 4.98
274.0 11,060 1 0.9045 4*94
255.3 11,940 | 0.8372 4.96
229.4 13,300 0.7519 4.96
206.5 14,750 0.6779 1 4. 96
184.5 16,630 j 0.6013 4.97
159*0 19,310 j 0.5178 ] 4.98
132.0 23,400 | 0.4274 | 4.99
108.0 27,980 I 0.3573 j 4.94
9^.0 31,500 | 0.3175 4.94
( -1  -2  
■“"A X 10
U (B.K,)Q I
diamagnetic C o rrec tio n  = -147 x 10-6
diamagnetic co rrec tion  = -166 x 10-6
295.4 9869 j 1.013 4.85
272.8 10,510 ; 0.9515 4.81
248.5 11,620 j O.8606 4.83
223.0 12,950 j 0.7719 4.83
200.5 14,490 j 0.6901 4.84
173.2 16,960 I 0.5895 4.87
149.8 19,320 ! 0.5176 4.83
127.6 22,800 ! 0.4386 4.84
108.5 27,190 j 0.3678 4* 88
96.0 30,800 1 0.3247 4.88
i
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TABLE 17A
Temp. (°K) X A x 106 y ^ 1 x io ~2
S *
m-q(b . m.)
)104 ) 2. 6H20 diamagnetic co rrec tion  = -12
326.5 9392 1.065 4.97
311*4 9820 1.018 4.96
295.3 10,420 0.9597 4.98
272.5 11,230 0.8906 4.97
248.0 12,300 0.8130 4.96
223.0 13,610 0.7347 4.95
199.2 15,730 0.6356 5.03
172.0 18,340 0.5452 5.04
147.0 21,260 0.4704 5.02
125.5 24,570 0.4070 4.99
108.0 28,690 0.3486 5.00
94.5 33,040 0.3026 5.02
TABLE 17B
* 4. 2* 2° diamagnetic co rrec tio n  =
325.5 • 9382 1.066 4.96
309.8 9678 1.033 4.92
295.5 10,120 0.9883 4.91
273.2 10,730 0.9318 4.86
248.5 11,510 0.8688 4.80
228.5 12,260 0.8158 4.75
200.0 13,540 0.7385 4.67.
174.5 14,890 0.6714 4.58
145.5 16,560 006039 4.41
127.2 18,620 0.5370 4.37
108.5 20,600 0.4854 4.25
94.0 22,510 0.4442 4.13
.-6
 -95 x 10-6
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TABLE 18A
i ,
Temp. (°K) x 10
[C r(en)3]S0^
327.0
310.0 
295.5
273.4
248.5
230.5
200.5
173.5 
149.3 
127.0  
108.0
94.0
8481 
9023 
9365 
10,250  
11,160 
12,020  
14,070 
16,300 
18,580 
22,030 
26,190  
29,270
-1 x 10-2 He (E' M.)
diamagnetic co rrection
1.179
1.109
1.067
0.9758
0.8963
0.8320
0.7110
0.6135
0.3382
0,4539
0.3818
0.3417
4.73
4.75
4.72
4.75
4.73
4.73
4.77
4.78
4.73
4.75
4.78 
4.71
TABLE 18B
NH, CrP_ 4 3 diamagnetic co rrec tion
328.5
311.7
295.2
249.0
223.0 
200.0
173.0
149.0
127.0  
108.0
94.8
9044 
9460 
9922 
11,520  
12,780 
14,110 
16,090 
18*170 
20,690 
23,130 
25,150
1.105
1.057
1.008
0.8681
0.7822
0.7087
0.6217
0,5505
0.4833
0.4324
0.3976
4.90 
4.88 
4.86 
4.81 
4.79 
4.77 
4.74 
4.67 
4.60 
4.49 
4.39
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diamagnetic co rrec tion  » -92 x 10-6
327.9 8870 1.127 1 4.84
312.2 9382 1.066 i 4.86
294.5 9862 1.014 I 4 .84
248.3 11,650 0.8583 j 4.83
201.0 14.230 0.7028 i 4.80
149.5 18,920 0.5285 1 4.79
113.3 24,600 0.4065 ! 4.74
96.0 28,980 0.3450 ! 4.74
diamagnetic correction  = -115 x 10-6
328.0 8779 1.139 4.82
311.0 9332 1.072 i 4 .84
295.3 9820 1.018 i 4 .84
273.5 10,350 . 0.9667 4.78
248.5 11,380 0.8789 i 4.77
223.5 12,610 0.7930 4.77
200.5 13,800 0.7246 4.72
173.1 16,190 0.6178 ! 4.75
149.5 18,380 0.5441 ! 4.71
127.3 21,210 0.4715 i 4.67
108.0 24,590 0.4067 ! 4.63
95.5 27,280 O.3665 ! 4.58
-1 0 8 -
TABLE 20
CrCN^H^^I^ diamagnetic co rrec tio n  = -147 x 10 ^
Temp. (°K) X , .  “ 6 V  x 10-2
296.5 9501■ 1.053 4.77
273.3 10,210 0.9795 4.74
249.0 11,240 0.8898 4.75
223.2 12,440 0.8039 4.73
200.8 13,740 0.7277 4.72
173.1 15,980 0.6256 4.72
149.0 18,130 0.5516 4.67•
127.5 20,810 0.4806 4.63
108.0 24,170 0.4137 4.59
95.5 26,800 0.3731 4.54
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TABLE 21
Temp. (°K) % k  x 106 X .-1 X 10“2 ^ (b .m .)  |
_ _ _ _ _ _ _
1C00) 2.H20
'
diamagnetic co rrec tion  = -
(red) 1
297.5 146 68 0.59
296.0 142 70 0.58
274.0 130 77 0.53
250.0 116 86 0.48
234.2 112 89 0.46
212.8 108 93 0.43
189.5 106 94 0.40
167.0 105 95 0.38
146.6 113 89 0.37
126.5 119 84 0.35
113.5 131 76 0.35
97.5 139 72 0.33
^ o o )2 diamagnetic correction  = -
(red)
325.5 367 27
J
1.20
310.0 366 27 1.13
297.1 364 27 0.93
274.5 373 27 0.91
249.5 380 26 0.87
225.5 395 25 0.85
198.2 421 24 0.82
173.5 458 22 0.79
150.0 485 21 0.77
127.5 549 18 0.75
108.5 612 16 0.73
95.2 665 15 0.71
-6
34  x 10-6
-1 1 1 -
TABLS 22A
C A x  1 0  I ^ e ( B . M . )Temp.( °K) x 10
Cr(HC00)2.H20
(reddish  v io le t)
325.0 2992
310.0 3120
295.0 3282
273.5 3395
249.0 3829
230.5 4140
202.0 4704
174.0 5421
I 150.0 6308
127.0 7434
108.3 8795
95.0  10,020
Cr(HCOO),
diamagnetic co rrec tio n  = -47 x 10-6
3.342 2.80
3.205 2.80
3.047 2.80
2.946 2.74
2.612 2.75
2.415 2.77
2.126 2.77
1.845 2.7 6
1.585 2.76
1.345 2.76
1.137 2.77
0.9982 2.77
TABLE 22B
diamagnetic co rrec tio n  = -34 x 10-6
(blue)
325.0 8549 1.170 4.73
297.0 9630 1.038 4.80
249.0 11,170 0.8956 4.74
210.5 13,270 0.7537 4.75
174.8 15,680 0.6377 4.70
132.0 20,160 0.4961 4.63
95.5 26,300 0.3802 4.50
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Temp. (°K) ;^C. x 10 “1 ,
Cr(CH3C00)2.H20|
p,e (B0M«)
diamagnetic co rrec tion
348.8 179 56 0.71
320.9 160 63 O.64
290.6 132 76 0.56
286.0 131 76 0.55
261.3 127 79 0.52
231.0 117 85 0.47
203.5 108 93 0.42
176.8 104 96 0.39
143.2 106 94 0.35
113.8 113 86 0.32
105.0 111 90 0.31
CM
OOO diamagnetic correction
364.0 168 60 0.70
349.5 160 63 0.67
328.0 152 66 O.63
313.0 149 67 0.61
298.5 142 70 0.58
269.5 134 75 0.54
243.5 132 76 0.51
212.0 132 76 0.48
185.0 138 72 0.45
157.5 146 68 0.43
123.4 161 62 0.40
106.3 171 58 0.38
93.0 183 55 0.37
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TABLE 24
Temp. (°K) { a x 10^
i
r - ' « 1 0 -^ He (B.M.)
,h5coo)2. h2o ■diamagnetic co rrec tion  =
I 327-0 174 57 0.68
310.1 163 61 0.64
294.5 159 63 0.61
273.1 148 68 0.57
248.5 14L 71 0.53
231.5 126 79 0.49
200.5 130 77 0.46
174.0 139 72 0.44
149.5 147 68 0.42
126.6 163 61 0.41
107*7 171 58 0.39
94.5 193 52 0.38
2H5coo)2 diamagnetic co rrection  =
366.5 170 59 0.71
346.0 165 61 0.68
326.5 159 63 0.65
310.0 154 65 0.62
296.5 142 70 0.58
273.5 136 74 0.55
247.5 136 74 0.52
231.5 135 74 0.50
200.5 137 73 0.47
174.0 140 71 0.44
149.5 147 68 0.42
127.0 159 63 0.40
108.1 175 57 0.39
95.0 184 54 0.37
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Temp.(°K) \~ )LA x  1C? j ~)L A
~1 . a-2 x 10
Cr(CgH-COO),
u (BoM0 )
diamagnetic co rrec tio n  == -158 x 10-6
329.0 251 kO 0.82
323.0 245 41 0.80
310*3 233 4-3 0.76
296,0 229 44 0,74
262.5 223 45 0.69
235.0 223 45 0.65
204.0 234 43 0.62
175.0 247 40 0.59
14-7.4 265 38 0.56
127.6 298 34- 0.55
108.5 331 30 0.54
95.1 375 2? 0.54-
;6H^0HC00)2
(ortho)
■ diamagnetic cor3rection = ■
325*6 145 69 0.62
310.0 141 71 0.59
295.0 138 72 0.57
273.1 128 78 0.53
24-8.5 119 84 0.47
228.5 112 89 0.45
200.4 99 101 0.40
174.0 99 101 0.37
149*5 103 97 0.35
126.6 109 92 0,33
107.6 122 82 0.33
94.5 128 78 0.32
.
-141 x 10-6
-117-
TABLE 2 6
Temp.(°K) X a  x 106 X  "1 x 10"2 j (ie (B.M>
Cr(:c6\ ® 2c o o )‘.h2o
1
diamagnetic co rrection
| 326.0 195 51 0.72
i 310.1 185 54 0.68
295.5 178 56 0.65
i 273.4 183 55 O.64
248.8 187 53 0.61
I 228.5 192 52 0.59
i 200.2 201 50 0.57
1 173.5 211 47 0.54
148.5 223 45 0.52
127.0 247 40 0,50
j 108.2 282 35 O.50
j 95.0 326 31 0.50
Cr(C,H,CH COO) .H 0 diamagnetic c<Drrection
(meta) '
326.0 164 61 0*66
309.5 167 60 0.65
295.0 148 68 0.59
273.5 155 65 0.58
24-8.5 164 6i 0.57
228.5 145 69 0.52
201.3 138 72 0.47
171.5 169 59 0.48
148.9 211 47 0.50
126.5 192 52 0.44
107.6 242 41 0.46
94.5 246 41 0.43
-162 x 10-6
.-6
-1 1 8 -
TABLE 27
CtOqW
(ph thala te )
diamagnetic co rrec tion  = -77 x 10-6
327.5
311.5 
292.0 
271.0 
24-8.0
228.5
199.6
173.0
149.4
127.5
108.0  
92.7
4-28 
4-33 
44 4 
453 
479 
503 
552 
617 
695 
796 
919 
1059
23
23
23
22
21
20
18
16
14
13
11
9
1.06
1.04
1 .02
1.00
0.98
0.96
0.94
0.93
0.92
0.90
0.90
0.89
oco
O
H O' 
oQK
IO*
O
CO
ro
O
CO
O
&
O
n r
Xr’xio
0
1
o
oor
*z
oo
X
O
0  ® \
-119-
FIGURE 23  
>0
o  O  1
CO
O
I
\
\o \
a
j y  
t /
o
O'
CO
** kX
r>
So o
s—/ro.
ro.
—j o°o
ro4^
O
co
io
O
90 ^o o
r T
x  r’x.o2A
o
O
n
o-»
X
wo
O
.5
CO
O
—I o
oQ
IO4^
w
IO
O
IO
O
T "
Xj* xio2
\
\
\
\
j
\
\>
V>
CO
O
n
0
1
o
CD.O
CP
O
—I O '
JPOX
IO
O
00
IO
O
O COO
X ^ ' x i o
\
/
i
0 
6
1
/p
MO
o
£x
*oXoo
3lo
-1 2 0 -
TABLE 28
(°K) X A x 10 H (B.M.)
CrC2 °4 * H2 °
CrC2°4
diamagnetic co rrec tion  = -41 x 10
326.0 7814 1.279 4.53
296.4 9021 1.109 4.64
273-5 9209 1.086 4.51
257.5 9620 1.039 4.47
230.5 10,340 0.9487 4.43
202.0 11,840 0.8444 4.39
174.0 13,530 0.7390 4.36
150.0 15,410 0.6490 4.32
126.0 17,460 0.5727 4.21
108.2 19,650 0.5089 4.14
95.0 21,670 0.4615 4.03
diamagnetic co rrec tio n  = -28 x 10
340.5 7131 1.403 4.43
325.0 7522 1.330 4.44
310.0 7896 1.266 4.44
295.0 8200 1.200 4.42
273.5 8920 1.121 4.43
249.0 9651 1.036 4.40
230.5 10,330 0.9681 4.38
202.0 11,670 0.8568 4.36
174.0 13,080 0.7648 4.28
150.0 14,770 0.6770 4.23
126.0 16,850 0.5934 4.14
108.2 18,920 0.5285 4.06
95.4 20,810
_________
0.4806 4.00
-121'
TABLE 29
Temp.(°K) T/C. x 10*
CrC3H2° ^ 2°
CrC3H2.
j ^ -1 x 10"2 j n (B.M.)
i t 1 ----
diamagnetic co rrec tion  = -66 x 10-6
’malonate)
326.5 244 4L 0.80
310.5 238 42 0.77
294*2 229 44 0»7Jt-
273.5 228 44 0.71
250.0 230 43 0.68
229.0 232 & 0.65201.0 258 39 O.65
172.0 2 69 37 o*6l
148.0 299 33 0.60
126.5 333 30 0.58
108.0 374 27 0.57
93.0 414 24 0.56
diamagnetic cc>rrection = *
327.8 943 10.6 1.58
311.7 966 10.4 1.56
296.5 995 , 10.0 1.54
273.6 1042 9.6 1.52
249.4 1100 9.1 1.49
223.7 1176 8.5 I .46
200.8 12 66 7.9 1.43
173.5 1397 7.2 1.40
150.0 1558 6 .4 1.37
127.6 1751 5.7 1.34
108.4 1985 5.0 1.32
95.6 2174 4.6 1.29
,-6
-1 2 2 -
Temp. (°K) ■v _ .6 A'^ x 10 'V -1  n A—2A.a x 10
Cr(Cfj2coo)2. i .5 h2c)
1
diamagnetic co rrection
'
326.8 227 44 0.77
310.3 222 45 0.75
295.0 220 45 0.72
272.5 218 46 0.69
248.7 217 46 0,66
223.7 222 45 0,63
201.0 235 43 0.62
173.0 250 40 0.59
150.3 274 37 0,58
127.6 310 32 0.57
108.5 360 28 0.56
94.5 406 25 0.56
Cr(CH2C00)2 diamagnetic co rrec tion
327.0 306 33 0.90
310.5 305 33 0.87
296.0 304 33 0.85
273.0 308 32 0.82
247.5 323 31 0.80
220.7 331 30 0.77
200.3 355 28 " 0,76
173.6 390 26 0.74
149.5 436 23 0.73
125.0 492 20 0.70
107,0 553 18 0.69
95.0 601 17 0.68
-71 x 10-6
,-6
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TABLE 31
Magnetic S u sc e p tib il it ie s  of Solutions
Solution in  H^ O
!
Temp,(°K) 1
i X A x  1q6
jie (B,Mo)
Cu(CH2C1C00)2.2.5H20
. JLU..I . ... . JL 1 a ).I
295.0 j 1608 1.95
Cu(CHCX COO) 294.4 | 1551 1.92
Cu(CC1,C00)2.3H20 294.4 !j 1989 1 .94
Cu(H500)2.20I20 294.4 j 1968 1.93
cu(c2h5coo)2. h2o 294.4 | 1910 1.89
* Martin [ 14] . has reported  values of 1,88 B,M, and 1,96 B,M, fo r  
the formate and propionate re sp ec tiv e ly .
TABLE 32
Compound J s
Cu(CH2C1C00)2.2.5H20 -280 cm, 1 2.175
Cu(CH C1C00) -262 cm,*"1 2.108
:cu(c6h5coo)2 -289 cm.*1 2.169
Cu(CgH,N02C00)2.H20 . -334 cm*"*1 2*246
(ortho) 
:Cu(C/jH. NO-COO)„ 
(o r t to )
; -300 cm* 1 2.259
Cu(CgH4K02C00)2.H20 -289 cm. 1 2.135
(para)
.Cu(C,H,N0,C00)
fp A a f  2
-296 cm* 1 2.182
“125“
C H A P T E R  17
SPECTRAL MMSUREMENTS AND RESULTS
1. ULTRA-VIOLET AND VISIBLE SPECTRA 
(a ) Solution measurements
The absorption spectra  of copper compounds dissolved in  dioxan 
were recorded between 320 mp and 1000 m|i on a Unicam S.P. 500 spectro­
photometer. The dioxan (B.DoH.) was c a re fu lly  p u rif ie d  according to  
Vogel [98 ]. Measurements were re s tr ic te d  because of the very low solu­
b i l i t y  of the compounds. However, the r e s u l ts  fo r  the compounds examined 
are given in  Table 33* Except fo r  the monochloroacetates molar ex tinc tion  
c o e ff ic ie n ts  could not be ca lcu la ted  because of poor so lu b ili ty . Solutions 
of the ary lcarboxylates showed strong aromatic ring  absorp tions in  the 
near u l t r a -v io le t  which g re a tly  obscured the region near 375
-127-
Absorption bands ( \  in  mji) of coppermax*
compounds in  dioxan*
Compound
Cu(CH C1C00) .2.5H 0
(0 o0028M)
375 (<8. = 115) . 700 ( £  = 228)
cu(ch2cicoo)2 
(0*00561)
370 (fi = 60 ) 699 ( t  = 228)
Cu(CHC12C00)2 370 720
Cu(CC13C00)2*5H20 no band 775
Cu(CC13C00)2 no band 755
Cu(C6H5C00)2*2H20 375 675
cu(c6h5coo)2 371 675
Cu(CgHzN02C00)2 .H20
(ortho)
375 -si O o
Cu(C6H4K02C00)2
(ortho)
375 700
Cu(CgH4N02C00) 2 .H20
(para)
375 700
cu(c6h4no2coo)2
(para)
375
l.. , .,1,,. . .... . LT,-.-,,..,™.
700
-1 2 8 -
Some prelim inary in v es tig a tio n s  were made of the u l tr a -v io le t  and
v is ib le  spectra  of the w ater-soluble chromous compounds. Aqueous so lu tions 
of these compounds were prepared from samples of the so lid  sealed  in  g lass 
tubes. The notched and weighed sample tube was placed in  the b a l l  and
gen, and the whole u n it weighed. Deoxygenated water was then introduced 
in to  f la s k  K and the u n it  reweighed to  give the w eight of the so lvent. The 
sample tube was then broken and the so lid  d issolved. The so lu tion  was 
introduced in to  the 1 cm. s i l ic a  c e l l ,  which was then detached, and the 
spectrum recorded. The pieces of sample tube were recovered and weighed 
to  obtain the weight of sample and hence the concentration  of the so lu tio n .
r e f i t t i n g  the s i l i c a  c e l l  and mixing the so lu tion  with an appropriate amount 
of a i r  free  water weighed in  f la s k  K as before.
socket side arm (Figure 25)? the apparatus was then flushed  out w ith n itro
I t  was possib le  to d ilu te  so lu tions th a t  were too concentrated by
Compound Conc.(M) Wavelength! Molar Ext. j Wavelength Molar Ext
mp. [ Coeff. £  j mp Coeff. &
-CrSO, „5H„0 0.0465 kZO 2.60 ! 700 5.10
I !
'b rC l2.4H20 0.1020 2*15 2.10 j 715 5.35
CrBr2.6H20 0.0622 2*15 1.20 j 720 2+#60
•CrI2.5H20 0.0502 2*15 1.70 715 : 5.00
Cr(ClO^)2.6H20 0.0270 j 2+20 2+.56 700 : 5.96
:Cr(HC00)o(red) j 0.0652 j 2*15 1.87 700 6 .9C
-129-
F1GURE 25
The r e s u l ts  of these sp ec tra l measurements are  summarized in  Table 34* 
There are two weak absorption bands a t about 415 mji and 700 mji* The o rig in
of the former band i s  unknown, but the l a t t e r  may be assigned to  the
5* 5,,
'2gEg — ‘fcr a l l s i t i o n #  T h e re  i s  some v a r i a t i o n  o f  th e  700 'mji b an d
w ith chromous salt*  Since perch lorate  and sulphate ions ra re ly  co -o rd inate  
to  metal ions in  aqueous so lu tion  the band a t  700 mji can be considered 
c h a ra c te r is tic  of the hydrated chromous ion* The s l ig h tly  g rea ter wave­
length  of th is  band in  the aqueous so lu tions of the chromous ha lides i s
probably due to  the form ation of monohalide complexes -  halide  ions causing
5 5a sm aller separation  of the E< and Tp terms* Concentrated chromousg *~g
chloride so lu tions containing hydrochloric acid are green and Knight [ 99] 
has is o la te d  green chromous chlorides containing le s s  water than the blue 
tetrahydrate*  As varying concentrations of chromous ha lides were used and 
nothing i s  known of the s ta b i l i ty  constan ts of the halide  complexes no 
sign ificance  can be attached to  the magnitudes of the wavelength changes*
The g rea t breadth of the 700 mji band has been ascribed  to the Jahn-T eller 
d is to rtio n #
Figure 26 shows the changes in  percentage transm ission when a 
chromous bromide so lu tion  was exposed to the atmosphere fo r  a few minutes*
The form ation of new and in tense  absorption bands in d ica te s  th a t  l i t t l e  
chromic im purity could have been presen t i n i t i a l l y ,  l?u.(r this vmy te  
bu -poT the. aA.- his ■wy-ct.
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(b) Reflectance spectra
The re flec tan ce  spectra  Yfere obtained using the d iffuse re flec tan ce  
attachment to the Unlearn S*P» 500 spectrophotometer*
The reflec tance  spec tra  o f the hydrazine halides are given in
Figure 27* They are very s im ila r. The broad absorption a t  570 mji
occurs a t higher frequencies than in  the aquated chromium(ll) ion  as would 
be expected because of the g rea ter ligand  f i e ld  of the amine n itrogen atoms. 
There i s  no v a ria tio n  w ith halogen atom.
2m INFRA-RED SPECTRA
The spectra  were recorded on a G-rubb-Parsons double-beam g ra ting  
instrum ent G-S 2A. The complexes were mulled with Nujol and examined 
betYreen KBr d iscs (Table 35) +
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FiGUR
Re f l e c t a n c e
In fra -re d  frequencies of chromous hydrasine h a lid es
br(N2H4 )2c l 2 Cr(N2H4 )2Br2 Cr(N2H4 )2I 2
5237 s 3226 3 3 1 9 2  s | NHn s tre tc h2 '
3209 s 3192 s 3175 sh NhL s tre tc h  |I
3125 m 3123 m 3093 m stre tc h
1613 s 1608 3 1592 s NH2 bend
1572 s 1570 s 1555 m NH2 bend
.
1357 m 1350 21 132*4 m UH2 wag
1326 m 1326 m 1323 m NH2 wag
1218 m 1221 m 1221 m
1199 s 1192 s 1186 s NH2 tw is t
1177 sh 1176 sh
9 6 8  m 9 6 2  m 92f8 m N -  N s tre tc h
6 5 0  m 62*1 m 6 2 4  s NH2 as, rock
607 s 595 s 394 m NH2 sym. rock
577 s
2*18 m 2*11 m ? 4 0 0  m M -  N s tre tc h
I„R. data  are also given, v/here appropriate , in  Chapter II*
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C H A P T E R  V
DISCUSSION OF RESULTS
The work of Tsuchida and Yamada (discussed previously) on dimeric 
co p p er(il)  aceta te  and re la te d  compounds showed the presence of a band a t 
about 375 mji to  be in d ica tiv e  of a Cu-Cu linkage. Though the o rig in a l 
work was intended to  d istingu ish  monomeric from dimeric forms, the same 
band i s  to  be expected in  polymeric forms which also contain Cu-Cu linkages.
Dimeric s tru c tu re s  of the copper(il) aceta te  type are ch arac te rised  
m agnetically by strong exchange in te ra c tio n  (high value of j )  [6] as co'mr- 
pared 'to m agnetically d ilu te  monomeric s tru c tu re s . The in te ra c tio n  in  
polymeric s tru c tu re s , however, w ill  depend on the precise  nature of the 
s tru c tu re , in  p a r t ic u la r , on the Cu-Cu d istances . With even a moderately 
large  separa tion  of the copper ions the in te ra c tio n  could be qu ite  low. 
Indeed co p p er(ll)  benzoate tr ih y d ra te  has recen tly  been shown, by X-ray 
analysis [100], to  have a polymeric s tru c tu re  with a Cu-Cu distance of 
3.15 though i t s  magnetic p ro p ertie s  in d ica te  only neg lig ib le  exchange 
in te ra c tio n .
I t  seems possib le , th ere fo re , to  d is tin g u ish  monomeric, dimeric and 
polymeric s tru c tu re s  on the b asis  of magnetic and sp ec tra l p ro p e rtie s  by 
th e  follow ing schemej-
:
Monomer Dimer
:
Polymer
. . . m i  . .  J  .  .. Ill l _ _ . . . _ . . I . J . H  I ■  .  U l
U.V. spectra no band a t about band a t about band a t about
375 mji 375 mji 375 m(_i
Magnetic small in te ra c tio n large  in te r ­ small or interm ediate
p ro p e rtie s ac tion in te ra c tio n
I t  must be s tre ssed , however, th a t the magnetic and sp ec tra l measure­
ments should re fe r  to the compound in  the same s ta te .  The Cu-Cu bond 
energy in  the  b inuclear compounds i s  le s s  than 0.5 k .c a l .  per gram atom 
of Cu while so lvation  energies are of the order of severa l k .c a ls .  per 
mole. Thus so lvation , or even a change in  so lvents, might e a s ily  d is ru p t 
a Cu-Cu bond. Indeed, in  water, a l l  copper carboxylates (Table 3 l)  which 
were s u ff ic ie n tly  soluble to allow measurement of s u s c e p t ib i l i t ie s ,  had 
moments of 1.90 to 1*95 in d ica tin g  complete d isru p tio n  of the Cu-Cu
bonds.
Unfortunately magnetic measurements in  so lu tion , and molecular weight 
determ inations, were frequen tly  hampered by low so lu b ility  in  appropriate 
so lvents, while in tense charge tra n s fe r  bands o ften  made observation of 
any band about 375 mp. impossible#
In the ch lo roace ta tes , fo r in stance , sp ec tra l re s u lts  were obtained 
only in  dioxan so lu tions (Table 33) while magnetic r e s u l ts  (F ig .14) were 
only obtained fo r  the so lid s , the so lu tions being too d ilu te  fo r  accurate 
measurements. In many cases, th ere fo re , s tru c tu ra l deductions can be no 
more than te n ta t iv e . The hydrated and anhydrous monochloroacetates show
large  in te ra c tio n  in  the so lid  and a band a t 375 and 370 mjj, resp ec tiv e ly  in  
dioxan. I t  appears then th a t the substances are dimeric both in  the s o lid  
and in  dioxan. The l a t t e r  fa c t was confirmed by a molecular weight de te r­
m ination in  dioxan.
Anhydrous d ich lo roaceta te  shows only interm ediate in te ra c tio n  in  the
so lid  and a band a t  370 np in  dioxan and i s  therefo re  possib ly  polymeric 
in  both s ta te s .
Anhydrous and the trih y d ra ted  tr ic h lo ro a c e ta te s  show no band a t 
375 in  dioxan and in  th is  solvent are therefo re  monomeric. In  the 
so lid  the hydrated compound shows v ir tu a lly  no in te ra c tio n  while the 
anhydrous compound shews an interm ediate in te ra c tio n . In  the absence 
of other evidence i t  i s  not possib le  to d is tin g u ish  between monomeric 
or polymeric s truc tu res  In these cases.
Table 36 summarizes the magnetic and sp ec tra l r e s u l ts  and the 
deduced molecular complexity.
TABLE 36
ii
i Compound
u (B.M 
e (roc
present
work
» )  S olid  jspectra in  
>m tem p.) jthe region 
^reported [of 375 mp 
value jin dioxan
Molecular Complexity 
in  so lid  ■ )  in  dioxan i
1 i
I ?• -. . . .  1 ...... . . . .  .  — *
Cu(CH2C1C00)2.2.5H20 1.49 - 375 dimer
— —  —  1
probably ! 
dimer
Cu(CH2C1C00)2.2,H20 - l*50[101]j - -
cu(ch2cicoo)2 1,47 1.47[ 101] 370 dimer probably ! 
dimer j ;
!Cu(CHC1 CCO)
'
1.77 1 . 73101] 370 probably
polymer
*probably j 
polymer \
Cu(CC1,C00)2<,3H20 1,96 1»92[ 101] no band monomer or 
polymer
!
monomer ti
Cu(CC1,C00)2 1.84 1 .82[101 no band « :
Cu(CgH5C0O)2.2H2O 1.81 - 375 probably
polymer
probably ; 
polymer ;
Cu(CgH5C00)2.3H20 1.87[ 102] i
Cu(CgHj-COO)2 1.46 1. 72[ 102' 
1.4S[ 102' 
1.40[ 102;
371 dimer probably
dimer
Cu(Cg]^N02C00)2.H20
(ortho)
1.40 - 375 dimer probably 1 dimer ji
Cu^C 6H4N02C 00 ^  2 * 6H2° 
(ortho)
- 1.65[ 103]
’
—
i
ji
1 ;
Cu(c6h4no2coo)2
(ortho)
1.48
/
375 dimer
|
probably i
dimer ; j
\ \I *!
Cu(C6H2W02C00)2,H20
(para)
1.44
'
-
375 dimer
I j
probably j j
dimer •
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TABLE 36 (Gontd.)
i u ( M . )  Splid i Spectra in  I Molecular Complexityi » r e vAroan temp. ) • . 5  . _
Compound
!cu(CgH,N02C00) 2. 2H20
(para)
Cu(CgH4N02C00)2 
(para)
c u (c 6h4no2c o o)2 .h2o
(meta)
Cu^C6H4N02C00^2*ZfH2 ° ’ 1,91 
(meta)
p resen t
work ; value !. "t . n iin  dioxan
n dioxan
1.36T 103]
probably 
dimer
dimer
2 .03  1031
monomer 
or polymer*
probably
polymer
1 .9316] 
1 .4316 ]
1 .43103]
probably
monomer
1 .9 5  103] monomer 
or polymer
1.26[ 104] probably
polymer
1.21T 104]2 4
Cu(CgH4N02C0O)2 
| (meta)
;Cu(C6H^0HC00)2 .4H20 | 2 .03
CuC8H4°4-H2° 
(phtlialate )
CuC8H4°4  
cuc2o44 h2o
*For comparison with the present re s u l ts  these values have been r e -  i_ 
ca lcu la ted  where necessary according to the formula ji = 2 .84(X ^ x
w h e r e i s  not co rrected  fo r  Na.
-1 4 1 -
In  an attempt to  explain the streng th  of the m etal-m etal in te ra c tio n  
w ithin dimeric molecules i t  seems reasonable to  use pK& values of the parent 
acids as a measure of the e lec tron  donor p ro p erties  of the ligand* The 
lower the pK value (the stronger the acid) the weaker the an tic ip a ted  donor 
p ro p erties  of the ligand . Table 37 shows the in te ra c tio n  ( i . e .  J value) 
and the pK values [105] fo r  a number of compounds. This i s  somewhat 
r e s t r ic te d  since, fo r  v a lid  comparison, only compounds which are known to  be 
dimeric and which contain the same amount of water of c ry s ta l l is a t io n  can be 
included.
1 . .................. 1
Compound
(anhydrous) *Ka
T mrT"1« cm. |ie (B.M.) 
p resent work 
(room tem p.)
repo rted  value 
(room tem p.)
C opper(ll) propionate 4.87 309s - 1.41 [12 ],
Copper( I I ) bu ty rate 4-* 86 305s 1.42X42]
C opper(ll) ace ta te 4-. 76 300s - 1 .4 4 [ 6]
C opper(ll) benzoate 4.17 289 1.46 -
C opper(il) monochioro- 
ace ta te
2.87 262 1.48
':
C opper(ll) p -n itro -  
benzoate
3.43 256 1.52
•
1
1
C opper(ll) o-*nitro- 
benzoate
2.17 300 1.48
___________________
1
--------— ____________
S These values have been ca lcu la ted  from the r e s u l ts  of Martin and Waterman.
[12].
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With the exception of o rtho - and para-n itrobenzoates i t  can be
seen th a t in te ra c tio n  increases as the pK increases, i . e .  the metal-m etala
in te ra c tio n  i s  favoured by the ligands from weak ac ids. Thus increasing  
the donor power of the ligand  increases the e lec tro n  density  on the copper, 
allowing stronger m etal-m etal bonding.
In the o-nitrobenzoate the close proxim ity of the -NO  ^ group to the 
m etal ion  i s  l ik e ly  to  e x e rt a d ire c t e lectron  re p e llin g  e ffe c t on the 
copper which could outweigh the e ffe c t of increased  s treng th  of the parent 
acid  and perhaps lead  to  a high value of J .
In  the case of the p-nitrobenzoate i t  i s  possib le  th a t  the e lec tro n  
withdrawing e ffe c t of the  group i s  s u ff ic ie n tly  strong to  cause p a r t ia l
removal of eleotrons from th e  d o rb i ta ls  of the m etal, thus weatenlpg the 
Cu-Cu bond. A lte rn a tiv e ly , as was mentioned under the account of prepara­
tio n s , the  p-nitrobenzoate was produced in  two forms, one being dimeric 
and the o ther polymeric o r monomeric. The dimeric form was the more e a s ily  
iso la te d . Figure 16 shows th a t the m ateria l i s  almost c e r ta in ly  contami­
nated w ith an appreciable amount of the monomer or polymer which could
lead  to  an anomalously low value of J*
The reverse was true in  the  c ase of m -nitrobenzoate, the te trahyd ra te  
of which showed no in te ra c tio n . As charge tra n s fe r  bands obscured the 
sp ec tra l region near 375 i t  i s  not possib le  with c e r ta in ty  to d is tin g u ish  
between the polymeric o r monomeric forms. The anhydrous compound shows an
interm ediate  in te ra c tio n  (Table l l )  which could indicate a polymeric s tru c tu re
or could be due to  the form ation of the dimer during dehydration.
Although there  i s  some discrepancy between the reported  values of {i 
fo r  th e  sa lic y la te , Table 12 shows a value of 2.05 B.M. with no in te ra c tio n  
and a recen t X -ray analysis  showed the te trahyd ra te  to  be monomeric, the 
nearest Cu-Cu d istances being 3.728S [ 106],
The ph tha la tes (Figure 17) show only a very small in te ra c tio n  while, 
in  the oxalates (Figure 17) the in te ra c tio n  appears to  be considerable. 
Though many dicarboxylates of co p p er(ll)  are believed to be polymeric [104] 
in  the absence of aiy th e o re tic a l  treatm ent i t  i s  not possib le  to  specify 
the type of exchange or to derive exact values fo r  i t .
“’14V'
2. chromium( i i ) compounds
Chromous ion has four unpaired 3& e lec tro n s , leading ix> an expected 
"spin  only" moment of 4.90 B.M. fo r  the ion and sp in-free  complexes. In 
the f i r s t  approximation no o rb i ta l  con tribu tion  i s  expected fo r  octahedral 
sp in -free  C r ( l l ) ,  though a second order e ffe c t of sp in -o rb it coupling w ill  
cause a reduction of moment, according to the equation
Pe = P-^1 “
The 147. and v is ib le  spectra  in  aqueous so lu tion  of the sulphate, 
pe rch lo ra te , anhydrous formate (red), and the halides have been recorded
(Table 34), and a l l  gave a band about 700 mji. I f  th is  i s  assumed to
5 5 —1a rise  from the E —£ T0 tra n s it io n  then a value of 14,000 cm.
i s  obtained, leading to  ji = 4#86 B.M. However, from s tru c tu re  determ ina-
tio n s , CrSO^.SH^O [7 7 ], KCrF^ [107] and the anhydrous h a lid es  [34 , 39, 40,
44, 46] are known to be te trag o n a lly  d is to r te d . F igg is [ 108] showed th a t
a te trag o n a l d is to r tio n  i s  expected to  lead  to  an increase in  th e  moment
which should fu r th e r  increase  as the temperature decreases* This e ffe c t
would be very small and i t s  de tection  expected only a t tem peratures lower
than the ones studied in  the p resent work. Hov/ever, some of the compounds
(Tables 15 to  17A) do appear to show a s l ig h t  increase in  moment as
tem perature decreases, though the change i s  barely  la rg e r  than experimental
e rro r . Thus, fo r in stan ce , the moment of the sulphate r i s e s  from 4.92 B.M.
a t 300°K to 4.98 B.M. a t 100°K corresponding to a value of 9 in  the
Curie-Weiss law of approximate *-5°* I t  would, however, be premature to  
suggest th a t  th is  v e r if ie s  F ig g is5 p red ic tions! in v es tig a tio n  a t lower 
temperature i s  necessary.
The monohydrogen phosphate te trah y d ra te , ammonium chromous fluo ride  
and the hydrazine halides a l l  showed a decrease in  moment as the tempera­
tu re  decreases (Tables 17B, 18B, 19 and 20). The in fra -re d  spectra  of the 
hydrazine ha lides are id e n tic a l  with each o ther (Table 35) and with the
spectra  recorded by Sacconi and Sabatini [109] fo r  the complexes 
I IM (N^H^^Clg where M = Lin, Co, Fe, Ni, Cu, Zn and Cd. A complete c ry s ta l  
s tru c tu re , c a rried  out by Feisr a r i  a t al„ [ 110] cn the zinc compound, shows 
th a t th is  compound contains non-chelating hydrazine molecules link ing  the 
metal atoms in  in f in i te  chains (Figure 28)* the Zn -  Cl d istance being a 
l i t t l e  le s s  than the sum of the ion ic  rad ii*  /
Figure 28
Cl Cl
Zn
Cl
Zn ‘
Cl
A s im ila r s tru c tu re  fo r the chromous analogues i s  compatible w ith 
a degree of m etal-m etal in te ra c tio n  which could account fo r  the observed
change i n  th e  moment ( F ig u r e  2 0 ) .
Though th e  s t r u c t u r e s  o f  th e  m onohydrogen p h o s p h a te  t e t r a h y d r a t e  
and  ammonium chrom ous f l u o r i d e  a r e  n o t  known i t  seem s r e a s o n a b le  t o  
a s c r i b e  t h e i r  b e h a v io u r  a l s o  t o  s l i g h t  i n t e r a c t i o n  p e rh a p s  o f  a  s u p e r -  i
exchange  ty p e .
The b i n u c l e a r  s t r u c t u r e  o f  ch rom ium (lX ) a c e t a t e  i s  e x p e c te d  t o  j
l e a d  to  a  r e d u c t io n  i n  moment i n  a  m anner e x a c t l y  a n a lo g o u s  to  t h a t  o f
-6 ic o p p e r ( l l )  a c e t a t e .  V a lu e s  °^X 'Q r  ° f  f ^ e  o r d e r  o f  100 x  10 and  
400 x  10 6 have  b e e n  r e p o r t e d  i n  t h e  l i t e r a t u r e  f o r  t h e  h y d r a te d  and  j
a n h y d ro u s  compounds r e s p e c t i v e l y  [54, 55]* I t  h a s  u s u a l l y  b e e n  a ssu m e d  j!
t h a t  t h e s e  s m a ll  v a lu e s  a r o s e  fro m  t h e  p r e s e n c e  o f  s m a l l  am ounts o f  P
c h ro m ic  i o n  im p u r i ty ,  th e  chrom ous a c e t a t e  i t s e l f  b e in g  d ia m a g n e tic  w i th  
a  v e r y  h ig h  e x c h an g e  i n t e g r a l  [ 6 ,  55]* I f  t h i s  w as th e  c o r r e c t  i n t e r -  j
p r e t a t i o n ,  v a r i a t i o n  o f  te m p e ra tu re  s h o u ld  l e a d  t o  a  C u r ie -W e is s  ty p e  
v a r i a t i o n  o f  X- a r i s i n g  fro m  th e  c h ro m ic  im p u r i ty .  I n  f a c t  t h i s  h a s  n o t  
b e e n  o b s e rv e d  and  th e  r e s u l t s  a r e  b e s t  i n t e r p r e t e d  on t h e  b a s i s  o f  a  s m a l l  ||
j j i
r e s i d u a l  p a ra m a g n e tism  o f  th e  chrom ous a c e t a t e  and  a b o u t  0*5$  o f  t h e  |
I
t o t a l  chrom ium  b e in g  p r e s e n t  i n  th e  c h ro m ic  s t a t e *
S uch  s m a l l  am ounts o f  ch ro m ic  io n  a r e  n o t  r e a d i l y  d e t e c t a b l e  by  
n o rm a l c h e m ic a l  a n a ly s i s #  In d e e d , m a g n e tic  m ea su rem en ts  p r o b a b ly  p r o v id e  
th e  m o st s e n s i t i v e  i n d i c a t i o n  o f  t h e i r  p r e s e n c e .  As w ou ld  b e  e x p e c te d ,  i
d i f f e r e n t  p r e p a r a t i o n s  p ro d u c e d  s l i g h t  v a r i a t i o n s  i n  o b s e rv e d
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su s c e p tib ility  which may be assumed to in d ica te  s lig h t v a ria tio n  in  chromic 
im purity .
With the exception of the form ate, a l l  the monocarboxylates are red  
with room temperature moments in  th e  range 0.5 to  1 .0  B.M., analogous to the 
a ce ta te . None of the compounds appeared to  be completely free  from the 
chromic im purity (Tables 23 to 26) and consequently no accurate estim ates
of the exchange in te g ra ls  were p o ssib le . However* i t  i s  evident th a t  in
-1  ! a l l  cases J  must be of the order of 500 -  600 cm. *
The formate i s  the most in te re s tin g  in  th a t  i t  appears to  occur in
two forms; blue and red . The anhydrous red  form (Table 21) i s  magneti­
ca lly  analogous to  the higher carboxylates and i s  presumably dimeric. The 
anhydrous blue form however has a moment of 4*79 B.M. which i s  quite  in ­
compatible with a dimeric s tru c tu re  though i t  i s  s l ig h tly  lower than expected 
fo r  pure, monomeric, sp in -free  chromium(I I ) . This i s  possib ly  due to
contamination with the dimeric form (Table 22B).
The hydrated red  s a l t  i s  also  analogous to  the higher carboxylates 
and again i s  presumably dim eric. However, the redd ish  v io le t  m ateria l, 
produced from th is  on standing, had a moment of 2.8 B.M. which varied
i
l i t t l e  with tem perature. I t  seems l ik e ly  th a t th is  a r ise s  from incomplete 
(about 30$) conversion of the dimeric in to  monomeric form. H eating,as in  
the case of anhydrous form ate, might be expected to  f a c i l i t a t e  the conversion 1 
but th is  i s  precluded because of dehydration.
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As discussed w ith c o p p er(ll)  s a l ts ,  the pK values of the acids can be
cl
taken as a measure of the e lec tron  donor power of the carboxylate ions to  the 
m etal. In the case of chromium(ll) compounds, the presence of im purities 
prevents the assignment of accurate values of J* However, i f  i t  i s  
assumed th a t the e ffe c ts  of im purities and T .I .P . are approximately the 
same in  a l l  cases, and i f  the room temperature moment i s  taken as a rough 
in d ica tio n  of the degree of in te ra c tio n  (the lower (j, the g rea ter the in te r -  
a c tio n ), a s im ila r c o rre la tio n  i s  obtained (Table 38)•
Compound
(anhydrous)
pKj 105] j  He (B.M.)j 
j  (room imp.)
Chromous formate
1  i
(red) 3.75 s 0.93 '!
Chromous benzoate 4.17 ! 0.74 j
!  i
Chromous ace ta te 4.76 0.58
Chromous propionate 4.87 ! 0.58
As in  the  case o f C u (ll) , l i t t l e  can be said about chromous dicarbo- 
xy lates because of the lack  of any th e o re tic a l treatm ent or X-ray data . 
Magnetic r e s u l ts  fo r  the oxalates (Table 28) in d ica te  only s l ig h t in te ra c tio n  
which might a rise  from a polymeric s tru c tu re . The red  malonate dihydrate
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i s  nearly  diamagnetic though the anhydrate has a moment of 1 .5  B.M,
(Table 29)* Asmussen [ 58] reported  a value o f 4«76 B.M. fo r  the dihydrate* 
This i s  most su rp rising  in  view of the fac t th a t in  a l l  o ther cases red 
s a l ts  are nearly  diamagnetic.
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3* SUGGESTIONS FOR FURTHER WORK
A f u l l e r  i n v e s t i g a t i o n  o f  s p e c t r a l  p r o p e r t i e s  i s  now r e q u i r e d *
C a r e f u l  e x a m in a t io n  o f  t h e  I . E .  s p e c t r a  o f  th e  c a r b o x y l a t e s  w ou ld  a f f o r d  d a ta  
on p o s s i b l e  s h i f t s ,  due to  d i m e r i s a t i o n ,  o f  th e  a sy m m e tr ic  and  sy m m etric  
c a rb o n y l  s t r e t c h i n g  a b s o r p t io n s ,w h i l e  a  d e t a i l e d  s tu d y  o f  th e  U.V* a n d  v i s i b l e  
s p e c t r a  m ig h t a l lo w  a  m ore c o m p le te  i n t e r p r e t a t i o n  o f  t h e  e l e c t r o n i c  s p e c t r a  
o f  c h ro m iu m ( ll)  com pounds.
The u s e  o f  d i f f e r e n t  s u b s t i t u e n t s  i n  th e  a r y l c a r b o x y l a t e s  s h o u ld  h e lp  
t o  c l a r i f y  t h e  m echan ism  in v o lv e d  i n  th e  m e ta l - m e ta l  b o n d s , A b e t t e r  u n d e r ­
s ta n d in g  o f  m onom er-d im er c h a n g e s  m ig h t b e  o b t a in e d  b y  f u r t h e r  p r e p a r a t i o n s  
i n  v a r io u s  s o lv e n t s  and  e x a m in a t io n  o f  a n h y d ro u s  com pounds.
S t r u c t u r a l  d e t e r m i n a t i o n s ,  u s in g  X - ra y  t e c h n iq u e s  w o u ld  b e  m ost u s e ­
f u l ,  n o t  o n ly  i n  p r o v id in g  m o le c u la r  w e ig h t  d a ta  f o r  i n s o l u b l e  com pounds, 
b u t  a l s o  b y  f a c i l i t a t i n g  t h e  e x p la n a t io n  o f  t h e  m a g n e tic  r e s u l t s  o f ,  f o r  
i n s t a n c e ,  th e  d i c a r b o x y l a t e s .
A m ore e x a c t  a p p r a i s a l  o f  th e  t h e o r e t i c a l  t r e a tm e n t  o f  t h e  J a h n -  
T e l l e r  e f f e c t  w o u ld  b e  p o s s i b l e  i f  t h e  m a g n e tic  p r o p e r t i e s  o f  th e  s im p le  
s a l t s  o f  c h ro m iu m ( ll)  c o u ld  b e  s tu d i e d  a t  t e m p e r a tu r e s  lo w e r  th a n  t h a t  o f  
l i q u i d  n i t r o g e n .
T h ere  i s  no o b v io u s  r e a s o n  why, u s in g  t h e  te c h n iq u e s  o u t l i n e d  p r e ­
v i o u s l y ,  th e  c h e m is t r y  o f  c h ro m iu m ( ll )  s h o u ld  n o t  b e  s tu d i e d  e x t e n s i v e l y .
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The Anomalous Magnetic Behaviour of Some Chromous Compounds
By A. E arnshaw , L. F. L arkw o rth y , and K. S. P atel 
(D epartment of C hemistry, B attersea C ollege of T echnology , L on do n , S.W .ll)
Structura l  and magnetic similarities between 
compounds o f the d 4- and c/9-ions chromium(n) and 
copper(n) are well known. The magnetic data avail­
able on chromium(n) are very sparse compared with 
those on copper(n), probably owing to preparative 
difficulties, and are apparently confined to measure­
ments at single temperatures.1 We have prepared a 
series of chromous compounds, under air-free con­
ditions, and report here their magnetic properties 
over a range of temperatures, we believe for the first 
time. The results throw light on possible structures 
of these compounds.
Chromous oxalate (anhydrate and monohydrate) 
prepared by the method of Lux and Illmann2 has a 
moment falling from 4-5 B.M. at 340°k to 4-0 B.M. 
at 1 0 0 ° k , suggesting appreciable metal-metal inter­
action.
The anhydrous benzoate, like the acetate,3 is more 
nearly diamagnetic and a similar binuclear structure 
seems likely. The increase in susceptibility below 
about 260°k  is probably due to the presence of traces 
of chromic ion, or chromous ion in a mononuclear 
form. As little as 0-5 % of the chromium in a mono­
nuclear form would be sufficient to account for this 
behaviour.
xO-8
0-4
240‘ 320*80 *
The formate is the most interesting of all in that 
it appears to occur in two forms; a blue, probably 
mononuclear form, and a red, probably binuclear 
form. Precipitation from aqueous solution yields the 
red monohydrate. At 100°c, under reduced pressure, 
dehydration occurs without change in colour, but at 
about 140°c the colour changes to blue. The red 
anhydrate has a moment falling from 1-2 to 0-7 B.M., 
whereas the blue anhydrate has a moment of 4-8 
B.M., virtually independent of temperature. Com­
parable behaviour is also noted with the hydrated 
formates.
For comparison we have also prepared the salts 
CrCl2,4H20  and C rS04,5H20  which show normal 
Curie-law behaviour, with moments between 4-9 and 
5 0 B.M ., independent of temperature.
These results are summarised in Figs. 1 and 2 in 
the conventional manner by plotting ![% as a function 
of temperature.
4 0
2 0
80 ' 160°
Temp, ( k)
2 4 0 1 320 '
F ig . 2. Magnetic behaviour o f  (A) Cr(OBz)2 and 
(B) red C r(02C-H)2.
One o f us (K.S.P.) thanks C.V.M. Vallabh 
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F ig . 1. Magnetic behaviour o f  (A) this work was carried out
(B) blue C r(02C-H)2, (C) CrCl2,4H20 ,  and (D)
C rS04,5H20 .  (Received, July 16th, 1963.)
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